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Abstract

The Air Force Flight Dynamics Laboratory at Wright-Patterson Air
Force Base, Ohio, plans to design a constrained layer damping treatment
for aircraft components. This design requires the knowledge of vibra-
tion and temper;ture variations that a component encounters in service.

The development of a microprocessor based data acquisition and pro—
cessing system (MIBDAPS) to monitor the vibration and temperature varia-
tions of a component under test is discussed in this paper. The designed
system is capable of acquiring and processing data in real time and gen-
erating cumulative damage factor versus frequency and temperature con-
tours. These contours a;e used in the design of the damping treatment.

The system uses an LSI-11IM microcomputer as its central processor.
The support hardware for this microcomputer includes an analog-to-digital
converter, core memory, real time clock, and serial line interface module.
The software developed for this system handles the acquisition and pro-
cessing of data. The real time processing includes the computation of the
FFT and power spectrum of the vibration signal and subsequent calculation-
of the cumulative damage factor versus frequency and temperature contours.
The bench model of the designed system was implemented and tested for

functional performance.
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I. Introduction

The Air Force Flight Dynamics Laboratory (AFFD), Wright-Patterson

Air Force Base, Ohio, plans to develop a constrained layer damping treat-
ment for aircraft components such as the airframe, avionics hardware, and
other accessories. The specific damping layer treatment design requires
knowledge of temperature and vibration variations encountered by the com-
ponent. To generate this information, a data acquisition and processing
system is required to serve as an in-flight monitor for the component
under test. This report describes the design, development, and bench

model implementation of such a system.

Background
Research has established that high-cycle fatigue damage due to

resonant vibration is one of the major reasons for structural failure of
components (Ref 13). A constrained layer damping treatment would be cost
effective in extending the 1ife of the component. In order to determine
the correct type of damping layer, the temperatures, vibraticn nodes,

and frequencies at which damage occurs in service must be known.

It has been determined that there are approximately ten vibration
frequency bands of interest (Ref 13). They lie in the range from 100 HZ
to 1000 HZ and are spaced 100 HZ apart (Figure 1). A damage factor (DF)
at each frequency of interest can be ca];u]ated using the following
relationship (Ref 13);

KA M

DF =
28-1
(£)%P

Here, B is approximately equal to 3-2, and A is the root-mean-square

(RMS) value of acceleration in the frequency band of interest.
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A summation of the DF over a predetermined period of t{me would yield a
cumulative damage factor (CDF) and curves as shown in Figure 2 could be
drawn.

Existing in-flight data acquisition techniques employ an analog
signal conditioner and a multichannel analog tape recorder (Ref 13). The
analog signals from thé vibration and temperature sensors are conditioned:
and recorded on a magnetic tape. This system is bulky and takes excessive
setup time. Skilled personnel are required to install the equipment on.
an aircraft, and calibration is difficult and time-consuming.

To simplify this process, the design of a self-contained Micropro-
cessor Based Data and Processing System (MIBDAPS) appeared as an attrac-
tive alternative. Such a system should be.easy to install and remove,
and only minimum operator intervention during its operation should be

necessary.

System Concept

The underlying concept of MIBDAPS was a se]f—éontained system that
would monitor the analog signals from the temperature and vibration sen-
sors, digitize these signals, process the data in real time, and store
the results on an appropriate media. The real time processing would
include computation of the power spectrum of the vibration signal and
calculation of DF at each frequency of interest. The results of process-
ing would be stored in a CDF versus frequency and tempefature array, respec-
tively. Therefore, at the termination of system operation, the CDF versus
frequency and temperature contours (Figure 2) should be available.

MIBDAPS should be capable of either 15 to 20 hours of continuous

operation (for gathering data on transport aircraft hirdware) or time




segmented operation (for gathering data on fighter aircraft hardware which
has limited flying endurance). During a time segmented operation, the sys-
tem should be able to operate for a total aggregate of 15 to 20 hours. The
data processed during this time interval would enable determination of

vibration nodes at which the damage occurs.

Approach

The development of MIBDAPS was carried out in three phases: the con-
ceptual phase, the design phase, and the implementation and testing phase.
During the conceptual phase, the detailed requirements placed on the system
were defined using a structured analysis and design technique (SADT) (Ref 1).
The design phase included the software/hardware partition of the system,
selection of hardware components, and design of software and hardware
modules to implement different functions of MIBDAPS. During the implemen-
tation and testing phase, the software and hardware modules were given a
functional check. The system integration and performance check of the

integrated system was also completed during this phase.

The Development Environment

The LSI-11M* microcomputer was used as the system processor because:.of
its powerful instruction set, speed, and availability of support hardware-
and software. The use of the LSI-11 microcomputer system for MIBDAPS
determined the general development requirements for both hardware and soft-
ware modules of MIBDAPS. The off-the-shelf hardware modules used where
analog-to-digital converter (ADC), real time clock (RTC), and the 4K by
16-bits core memory. Al1l of these modules are manufactured by the Digital

Equipment Corporation (DEC).

*| SI-11M is the militarized version that is manufactured by Norden Systems, Inc.

4




Vibration Amplitude (A)

)

) v T ] ‘)f
0 1 2 3 4 5 6 7 8 9 10
(X 100 HZ)
Figure 1. Vibration Frequency Bands
Cumulative Damage Factor (CDF)
T
-
T T T | 1 4 L T T - ) T >f
0 1 e 3 4 5 6 7 8 9 10
(X 100 HZ)

3

Figure 2. CDF Versus Frequency at Different Temperature Values
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The software development system used was a PDP-]]/bB minicomputer
which has the LSI-11 as the processor. The RXVO11 floppy disk based
operating system was available on this minicomputer. The development
system was located at the Air Force Materials Laboratory (AFML), Wright-

Patterson Air Force Base, Ohio.

Scope of Thesis

The structured analysis and design technique was:used to develop the
activity model of MIBDAPS (Ref Chap II), and the LSI-11M microcomputer
was used as the processor for MIBDAPS (Ref Chap III). Hardware and soft-
ware modules were designed and tested (Ref Chaps IV and V). The hardware/
software modules were then integrated into a bench model of MIBDAPS which
was then functionally tested (Ref Chap VI). The bench model of MIBDAPS
performed the required functions of data acquisition and processing.
Testing of the integrated system for computational accuracy has not been

completed at this time. Recommendations for further work have been gener-

ated in order to complete the implementation of the prototype module (Ref

Chap VII).




II. System Requirements for MIBDAPS

Introduction

The conceptual idea is not enough to form the basis of design and.
implementation of any complex system. The design can be facilitated if
the complete system is.divided into functional subunits. These sub-
units are easier to analyze and design. The division of a system-
into functional subunits according to the requirements placed on the
system can be called the "requirement definition" phase of the design.
A carefully prepared requirement definition ensures that ambiguities in

the design and implementation phase are mipimized.

Analysis and Design Methodology

Structured Analysis and Design Techniques (SADT) is a design
methodology for performing the functional analysis and design of complex
systems (Ref 1). A functional model of the system is created first
which helps in understanding what activities the system will perform,
followed by a design model to show how the system will be implemented.
to perform the requisite functions (Ref 1). The functional model also
helps to clarify the requirement placed on the system:

Appendix A describes SADT methodology and its application rules.
Some changes in convention are made to suit the design of MIBDAPS; these
are also included in Appendix A.

The SADT was chosen as a functional analysis and design tool
because it is a graphical meihod of analyzing the functional require-
ments of a system. The activity model, which shows different functions

which the system is required to perform, is independent of the hardware/




software implementation of the system. Thus, any changes in the
activity model can be made during this phase of the design without
affecting the final shape of the product.

Once the activity model is complete, it is easy to review and
correct any oversights that might have occurred during the functional

analysis of the system.

Activity Model

Before the activity model is drawn, the system is divided into
different nodes. The node index given in Table I shows the hierarchy of
the system from activity viewpoint. This node index is based on the
initial ‘problem definition by the Air Force Avionics Laboratory (AFAL),
Wright-Patterson Air Force Base, Ohio, and subsequent discussions with
the sponsor of this thesis. The node index also indicates how the

author visualized the system was required to functionm.

TABLE I
Node Index
A-1 Data Collection and Analysis
A-0 Acquire and Process Data
Ag Acquire and Process Data
Mo Control A1l Activity
A2 Acquire Data ‘
A3 Process Data
M Store Data

The explanation of each node follows.

7




Node A-1, Data Collection and Analysis (Figure 3). This node shows

the overall research activity and the place where MIBDAPS fits in the
overall function of the organization. Block 3, Plot Data, activity will
be carried out in the laboratories.

Node A-@, Acquire and Process Data (Figure 4). Node A-@ is the

model of the MIBDAPS. The node shows the system requirements. Data
input comes in the form of analog signals—analog vibration signal (I1)
and analog temperature signal (I2). The output 03 of the system is a
three-dimensional array. This array contains the cumulative damage
factor (CDF) as a function of freguency and temperature. Output 02 is
the scale factor for the array elements, and output O1 is the total opera-
tional time for which the system was operational.

The MIBDAPS will be able to continuously acquire and process data for
a total flying time of 15 to 20 hours. This is the requirement placed by
AFAL because the CDF versus temperature and frequency array for this dura-
tion will be a good estimate of the fatigue damage profile of the test

piece (Ref 13). Input signal specifications are:

Analog Vibration Signal (I1) 0-5V
Analog Temperature Signal (I2)  0-5V

Node AP, Acquire and Process Data (Figure 5). The MIBDAPS is

expected to acquire data, process data, and store the results. There-
fore, node A@ shows the decomposition of the system into.four primary
activities:

Acquire Data

Process Data

Store Data

Control All Processes

8
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An explanation of how a signal travels through each subnode is now
given. The activity Acquire Data continuously digitizes the input signal
under the control from node Al. The digitized signal is queued and sent
to the processing node (A2).

The power spectrum of the signal is computed by the processing node.
For each frequency of interest, a damage factor is calculated (Ref Chap I)
and stored in an array. The activity Store Data adds the most recent set
of DF values to the previously stored values. This results in a storage
of cumulative damage factors.

Node A@1, Control A1l Processes, keeps all events in the system

sychronized. It initiates appropriate commands to ensure that data is

1 processed and stored in proper order. The input and output signal speci-
fications are given below:
- Input Signal
# a. Analog Vibration Signal (I1): 0-5V.
‘ b. Analog Temperature Signal (I2): 0-5V.
c. AC Supply (I3): 110V, 60 HZ.
- Qutput Signal _
a. Operational Time (01): Displayed on the front panel.

T

b. Scale Factor (02).
c. CDF Versus Temperature and Frequency Array (03).

Node Al, Control A1l Activity (Fiqure 6). Node Al subdivides the

overall control of the system into the following functions:

Control Acquisition of Data

Control Processing of Data
Control Storage of Data
Control Power to the System

Record Operational Time

12
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Control signal C1 (switch ON/OFF) activates the system. The power
to the system is also controlled by total operational time; therefore,
at the end of 15 to 20 hours of operation, the system halts automatically

(Ref 13). The output and control signals are listed below along with

. their explanation.

= Qutput Signal

a. Opera;ional Time (01): Four binary coded decimal (BCD) num-
bers, each 4-bit long, display the operational time elapsed in hours and
minutes.

b. Data Acquisition Command (§202): This control signal initiates

the acquisition of N-data points. This signal acts as a control signal
to node A2.

c. Process Data Command (@§302): This signal starts the process-

ing of either the raw data or update of CDF versus temperature and fre-
quency array.

d. Store Data Command (P403): This command signal initiates

either the storage of the N-processed data element or storage of updated
CDF versus temperature and freguency array.

- Control Signal

a. Switch CN/OFF Control (C1): This is a logic "1" when the

input switch is closed and a logic "0" when the input switch is open.

b. Acquisition Done Status (§2C2): This signal indicates node

A14 whenever data acquisition of N-data points is complete.

c. Process Done Status (P2C3): This control signal indicates the

completion of processing by node A3. The processing is initiated by node

Al15.

14




d. Storage Done Status (94C4): Whenever the storage of data is

required, node A16 initiates this activity. Once the storage of data
is complete, this signal indicates the status.

Node A2, Acquire Data (Figure 7). This node converts the analog

vibration and analog temperature signa]s to an equivalent digital signal.
The acquisition of data is initialized by node Al, and either the analog
vibration signal or the analog temperature signal is selected. The
selected signal is digitiied, and the final output is an equivalent digi-
tal value of the input signal along with a signal identifier. The input/
output and control signals specifications are:
- Input Signal
a. Analog Vibration Signal (I1): 0-5V.
b. Analog Temperature Signal (I2): 0-5V.
- Qutput Signal

a. Acquisition Done Status (@101): This signal indicates the

- status of the data acquisition process. Whenever N-data elements have

been acquired, this status signal informs node Al about the completion
of data acquisition.

b. Formatted Data (§302): This is the digitized data along

with an identifier which indicates whether the data point corresponds to
the analog vibration signal or the analog temperature signal.

- Control Signal

Data Acquisition Control (@1C1): This signal initiates the acqui-
sition of N-data elements. This signal controls node A2 in the following
manner:

(1) It selects either the analog vibration signal or the analog

temperature signal.

15
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(2) It initiates digitizing of N-samples of an analog vibration
signal.

(3) It initiates digitizing of one sample of an analog tempera-
ture signal for every N-samples of an analog vibration signal.

(4) It initiates formatting of each digitized data point.

Node A3, Process Data (Figure 8). The activities for this node are

listed below:

a. N-elements of raw data array are taken from the raw data storage
area and processed. The processing involves Fourier transform of N-raw
data points. The power spectrum of first M-frequency components is com-
puted next (M is less than N). The DF is calculated for each of the
M-frequency components.

b. M-elements of the final data array (CDF versus temperature and
frequency) are updated whenever a new set of DF array is available after
processing of N-raw data points.

The input/output and control signals specifications are:

- Input Signal
a. Raw Data From Storage (@4I1): The N-element array from the

Raw Data Storage area is used by the Process Raw Data module to give
an M-element processed array.

b. New Data Array (P412): This is the data array which has

resulted from processing N-element raw data array.

c. 01d Data Array (@413): CDF versus temperature and frequency

array which has to be updated by adding in new data array. The Update

Data Module creates updated data array.

17
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- Qutput Signal

a. Scale Factor (03): This is the value which tells by what

amount the elements in the final arrays have been scaled.

b. Processed Data (P404): This is an M-element data array where

the Process Raw Data module stores the results after operating on raw
data array.

c. Updated Data Array (@405): This is an M-element array. The

value of CDF as a function of frequency and temperatuke is stored in this
array. Every time a new set of M-processed data elements is available,
the final array is updated by adding these new values to the old array.

- Control Signal

Process Data Command (@1C1): This command initiates the process-

ing of N-raw data elements. After the processing is completed, the CDF
versus temperature and frequency array is updated. The update takes
place by adding the newly processed data array to the existing final
array (CDF versus temperature and frequency).

Node A4, Store Data (Figure 9). This node also performs multiple

activities on the data. The different activities are enumerated below.

a. The Formatted Raw Data points are stored sequentially in an
N-point array. This array is called Raw Data Array, and it serves as a
temporary storage area.

b. Whenever raw data has to be processed, N-elements of the raw
data array are transferred to node A3 for processing.

c. The processed data is stored in M-elements processed data array.
This storage of processed data points is temporary.

d. Whenever the final output arrays have to be updated, M-data

elements from the Process Data Array are transferred to node A3.

19




e3eq 94035 ‘py OpON 6 @4nbl4

(34njeuadwa) pue Aduanbauy sA 40)) Keaay
Aeaay 3Indinn (eul
Y IndIng (euly Leut4
Y P . — pazepdn
Avyyy m
WIS tied
3401S
paJo3s .
Aeaay Leuty — 4 puewo)
e3eQ 34038
$0EH < IETERE T 118 -
\\\ N)1d _ pPassad04d
! Jusue(3-W
v1va
Sjuawal3 ejeq J 03SS3204d Alr cied
Passa04g-N 2 3901S
\,\ o
paJ03s Aeday A i
Passac0Ug puriLwo)
eIeQ 24035
y e
£060 <= \\.w mhzwuwuu N MI'I-— : eaeq
pa3jewsoy
sjuawa|3 ‘ v.va u
xw.:.o 0311YWY03 1120
y-N MYY 3¥04S
NOILVWHONT < ouRaDY
soLeg SNLYLS < e3eQ 240
] 31VY3IN39 : um
< P 1916
snjeig «
3uog P3403§ Aeaay
abeao3s e3eQ Mey




e. The Update Final Array (@3I3) is sent from node A3, and it
is stored as the final CDF versus temperature and frequency array (02).
The input/output and control signal specifications are:

- Input Signal
a. Formatted Data Input (@2I1): This is the formatted digitized

version of input analog signals. The data points at this stage are also
known as Raw Data Elements.

b. M-Element Processed Array (#312). This is an M-element pro-

cessed array, which is the output from node A3. This array is generated
every time N-raw data elements are processed.

c. Updated Final Array (p313): The final output array (CDF

versus frequency and temperature) has to be updated whenever a new M-
element processed array is ready. This input is the result of updating
the existing final output array.

= Qutput Signal

a. N-Raw Data Elements (§303): Node A3 requires N-raw data

elements whenever processing has to be done. This output is actually an
N-raw data element array, which is sent to node A3 for processing.

b. M-Processed Data Elements (§304): This output is used to

update the final output array, so the CDF versus frequency and tempera-

ture is continuously updated.

c. Storage Done Status (#105): This signal is used to synchro-

nize different storage operations. The Control All Process, node Al,
is informed about the storage status of node A4.

d. Final Output Array (02): This array stores CDF as a function

of frequency and temperature and is the final output for MIBDAPS.
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Summary

In this chapter, the overall requirements placed on MIBDAPS are
defined. Al11 possible activities which MIBDAPS is expected to perform,
along with their interrelationships, have been consistently and completely
documented. At this stage, engineering decisions about the mechanization
are not taken; however, “the next phase of the design would be the engi-
neering decision regarding the mechanization of the system. Hardware and

software subdivision would also take place in the next phase.




III. Software/Hardware Division of MIBDAPS

Introduction

The functional analysis model for MIBDAPS, which was developed in
Chapter II, does not discuss mechanization of the system. The choice
of the hardware for mechanization of MIBDAPS will, to a large extent,
determine the subdivision of the system functions. In this chapter, the
engineering decisions that define the realization of MIBDAPS are pre-
sented. The implementation of different modules of MIBDAPS and the sub-
division of different modules into software and hardware activities are also
presented. SADT is again employed in this development of MIBDAPS®

activities.

Choice of Microcomputer System

One of the objectives in the development of MIBDAPS was a self-
contained microprocessor based data acquisition and processing system.
Thus, there were two possibilities for the mechanization of MIBDAPS:

i) Selection of an off-the-shelf microprocessor with the requisite
word length and instruction set, followed by the development of a useable
microcomputer system with the required amount of read/write memory (RAM),
input/output (I/0) interface circuits, and development of application
software.

ii) Selection of an industry standard microcomputef board with
already developed I/0 interface circuits, on-board memory and memory
expansion capability, and software development tools.

At this stage, the approach taken for implementation of MIBDAPS was,
in part, guided by the time available for the project. The first
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possibility where the system could be developed around a selected micro-
processor would encompass design of I/0 interfaces, memory boards, and
finally the development of software. This would have taken longer than

the allotted time. Therefore, it was decided that an industry standard
microcomputer board along with its existing I/0 interface circuits, memory
options, and software development tools would be used in the implementation

of MIBDAPS.

Selection of Microcomputer Board

The main features which were considered in the selection of the micro-

computer board are given below:

Word Size

- I/0 Capability
Instruction Set
Memory Capacity

Software Development Tools

Since the MIBDAPS is to process the input signals in real time, the

choice of the microcomputer word size and the instruction set would deter-
mine the processing speed of the system. The word size determines the
number of memory accesses required for execution of each instruction. For
“the same instruction set, a machine with a smaller word size requires more
memory access as compared with a machine with a larger word size (Ref 4).
Thus, a 16-bit microcomputer was an obvious choice. The signal processing
function (Ref Chap I) of MIBDAPS required that multiply and divide instruc-
tions should be a part of thz instruction set. Although subroutines can

be written to carry out multiplication/division of binary numbers, this

technique is orders of magnitude slower than hardwired multiply/divide
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instructions. This is because the hardwired instructions are micro-
programmed, which is a lower primitive than the software implemented
subroutine. Table II lists the candidate microcomputer boards. Texas
Instruments' TMS 9900 and the Digital Equipment Corporation's LSI-11
have multiply/divide instructions as part of their instruction set.
Also, both of these mucrocomputers have a 16-bit word length. There-
fore, the choice was narrowed down to these two boards.

The data acquisition function of MIBDAPS (Ref Chap I) dictated the
need for an analog-to-digital converter (ADC) board which would be
compatible with the selected microcomputer. Also, the need for sychro-
nization and timing of real time signal processing made it desirable to
have a hardwired system to perform this function. The Digital Equipment
Corporation (DEC) manufactures both an ADC board and a real time clock
(RTC) board that are compatible with the LSI-11. This feature of the
LSI-11 made it an obvious choice. Recently, Norden Systems Incorporated,
which is a subsidiary of United Technology Incorporated, aﬁnounced the
manufacturer of a bit-sliced based microcomputer board (designated LSI-11M)
which is six times faster than its commercial counterpart (see Table II).
This board also conforms to military specifications (mil specs). Thus,
the mil spec LSI-11M was selected as the microcomputer board to be used

for MIBDAPS.

LSI-11 Microcomputer System

The LSI-11 microcomputer system is a microprocessor'based version of
DEC's PDP-11 series minicomputer. The PDP-11 development software
(assemblers, debuggers, loaders, compilers) is useable on the LSI-11

based system. R
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In the following paragraphs, a brief description of the LSI-11 pro-
cessor, interface/memory options, and software development tools that
were used in the implementation if MIBDAPS is given. These options were
selected because they support either the hardware or the software reali-
zation of different modules of MIBDAPS. The detailed description of each
of the above modules and the installation instructions are given in Ref 11.

KD11-F Microcomputer (Ref 11:87-99). The KD11-F microcomputer is

contained on a single 8-5-inch by 10-inch printed circuit board. The
module also contains resident dynamic 4K by 16-bit semiconductor RAM.
Figure 10 is a functional block diagram of the microcomputer board. The
salient features of this microcomputer are given below:

- This is a 16-bit microcomputer board using four custom LSI inte-
grated circuit chips.

- Direct addressing of 32K 16-bit words or 64K 8-bit bytes (K = 1024).

- Efficient processing of 8-bit bytes without the need to rotate,

swap, or mask. |
‘ - Hardware memory stock for handling structured data, subroutines,
and interrupts.

- Direct memory access (DMA) for high data rate devices inherent in
the bus architecture.

- Eight general purpose registers that are available for data stor-
age, pointers, and accumulators; two are dedicated—stack pointer (SP)
and program counter (PC).

- A bus structure that provides position-dependent ﬁriority to the
i peripheral devices that are connected to the I/0 bus.

- Vectored interrupt facility.

- Typical operating speed is 400 nsec based on a 10 MHZ clock.

27




AP2 .[5) seST L
/—ﬂz—-@‘] 80ALY L
BoALI L
80AL2 L
rﬂ!_@] B0AL3 L
BANK 7 goaLe L
NECODER 842 :
SscEtsan (6] epaLS L
P =
— lace B80AL6 L
DATA B8L2
0-15L e (6] 8OALT L
el WOALG-15 1 =—am
__.lnzczwzas (5] B0ALS L
WOALZ - 3H ﬂwouaqsu [\—8%2_ (5 goaL9 L
8P2_18) eosLtoL
5 ’ ’
'o‘xsnY WEM RERD | | OALO-ISK o8 B0ALIT L
prim 0ATA K 852 g eoaut2 L
_ B0ALI3 L
>, su2
BT 80ALY4 L
- 7 A\ BOALIS L
READ ADDRFSS
DATA AND WRITE
PROCESSOR t RESIDENT  OATA
St micRo- | INTERNAL MEMORY
i INSTRUCTION | TIM:N K011~ 4
(L____$ RO;:A CONTROL (XD11-F ONLY)
N CHENS SIGNALS
(2) ;. w1
i w2
RPHI-1H
AJ2 18] ssvNe L
sus AK2 ,[5] ewTaTL
1/0 AH2 ) soInN L
2 0-17¢ PROCESSOR CONTROL i e
~ :) CONTROL 5 LoGIc 2 +{(@] 80OUT L
S CHIP +{(8] BRPLY L
2 89! (5] spox
BA1
INTERRUPT i —{8] 80coK H
CONTROL : HALT
AND ”'ﬁ@ e
ey RESET —{8] BEWNT L
—=  kevenr ! LoGic AL2 (5] srRa L
! opTioNAL 4 : AN2 (5] e1axo L
| EIS/FIS | w3
0-211L MICROCODE |
w4 . -
(e Teme , . _
1 . = AN}
| S | 8US amﬁ@ i
ARBITRATION {8] BsACK L
LOGIC ASL—{Q BOMGO L
: SPECIAL AR\ (5] ereF -
N CONTROL -
L_J\l . 18-211 FUNCTIONS - 2_@ BINIT L
+12vA_ BD2
12v
I ' » nzv.—l O
: X AD2
cLozk —oPHI-4 L ~ove— opc-0C Ty {J v
PULSE POWER 45, - RA2.882 4y
GENERATOR r—omﬂ-on “8ve—] INVERTER | AC2,AJ)AMI ATIBC2,8J1,AM: BT 0J1
—{] GNOD
] DIV8 (0) M ¥
Figure 10. KD11-F Microcomputer Logic Block Diagram (From Ref 11:38)




- The power supply requirements are:

+5V +5% at 2-4A maximum current

+12V +5% at 1-1PA maximum current

MMV11 4K by 16-Bit Core Memory (Ref 11:101-102). The MMV11-A 4K by

16-bit core memory option provides a nonvolatile read/write storage of
the user's program and data (Figure 11).» This optional module was used
so that system software which would be developed for MIBDAPS could be
stored permanently. This would eliminate the need to reload the program
whenever the system is switched ON. The processed data would also be
stored in the core memory for either updating or retrieval at a later
time. The salient features of the MMV11-A core system are:

- 4096 by 16-bit capacity.

- Typical access time is equal to 425 nsec (475 nsec maximum); full
read/restore cycle time is equal to 1-15 nsec.

- User-selected bank address; this allows the user to assign any 4K
bank address.

- Power requirements are:’

+5V +5% at 2-@A maximum

+12V +5% at 0-56A maximum

ADV11-A Analog-to-Digital Converter (Ref 11:186-189). The ADV11-A

is a 12-bit successive approximation analog-to-digital converter with a
built-in multiplexer and sample-and-hold for use on the LSI-11 bus (Fig-
ure 12). The multiplexer selection accommodates 16 single-ended or

8 quasi-differential inputs.

29




——

(SOL:LL 49y wodj) wedberg 32018 21607 v~ (AW

“LL d4nbiLg

dan
4nod dn3l
A-X

1%
QI0HSIYHL

10 GUOM MO 3148 HIIM) M 1NON @i

e¥d
~ZU!

FICp

wtg
@

2uv

N
~.D

120°INQ IFO* 202" 118 INB Ir@ 1LY IV iry

C’Iu— B341U3ANY “i
L) 20-20 Age s J _>o.~<o.~<u.—>0.~no.~<dD

12 QUOM HO 3148 MOT) K ONON

N INILL HNI
q1N0 viva
H 380M1S
T ASNG 4

T 1'081

JOHYHI $X ”@
394VHI SA ERLALE]

H 39UVH)

© 131V 0V3IY ' ANV OV

_ N 31V u:xﬂjﬂuﬂwﬂl'u

WSl -0 5118 OVIN

1

H380uLS
‘Suny AS -
ISNIS [TNasenas Y su3tusam
— “ ;:oulu Hn 394YHI §X
fe—— AG L4
S3IHILIMS
e 2-2
¥N A0 X | SH3AINHO -
x
¥ovis ]
3403
S3IHILIMS
95 3% A | suan il
v 0 A | sy3nIu0
A
jo— AS 11 4
._:ouau 394VHD SA
SYIAING
4181HNI

7 S1-0VivO 31I4M

HJ ASNg

¥31$193¥
$$3500V

T}

r MINIL MNZ

H91-0 vivQ GV3Y

viva

Y A1d58
M J3Y
W ONAS
- SES—
W Ioms e rrr )
, W 1N00H
«——{ T0¥INOD W NIOY
ONY S3HI1IvS
>y ONINIL $S3¥00V uz<n/
A e W 13534 e —a q.%
RTEOR) | (=" 13534 —~{8)
¥300730
e W 1350 XNVE
H OV
RN Rk
1 .wl.. NS I 100%30)
fo— W 1uON
¥31S193y [ W O¥OW bl
!«w
AYOIW3IN
3 N Si- 00 SYIAI3DIY
r i3S
H2i-\V

AS 4o

H 13534
‘9 1353y

| noLms]| ¢ N0 237

29A 4N0X201

SH3IAINO W,
Vo
m|->n0
Il Th] N»dB
1331044d e
20 ve

Y {E3 208

7 09wae
1 I19%Ce
I O¥vie
T Ixvie
7 09m08
1 I9n00
I Oxvie
I Iwvie
oNY

e

I AV
7 43w0

I OnasE
Jime
3 ino0s
I N108

1 Svoe
I »1wvos
I Svee
I Zivoe
I nwvoe
3 Onvoe
3 €wae
7 0voe
I 4wv08
I 9w08
7 ¢wvoe
1 *woe
3 €woe
T 2wvoe
7 1voe
3 0woe

AR YLIL
M %0200

TP

30




(16111 43y woi4) weubeiq ¥00|g uU0LIoUNY y-L(AGY 21 4nBi4
r .Jm.wum.ds.mwhul Q VL /77 SINTI I081N0D 8 oL w@ﬂﬁw\\\\\\\\\\\\\\\\\\\\\%
— .—buu.awm. R A \ —lllJ.H”‘lU lllll Ill-llllllllnd
, 2303 = |
_ NS 1 T \ Novd o
_ . il % RS [wrore |G
_ H HOLI3A =— ¥O103A |=
ySI @
NI | =
_ v @ . u3A139sNvaL K wﬁmwﬂw ¢Lm. &
3 $3500V
| 1020ve— b o | »
c3ewna, |- 7/51:00 SS3800V/ v1va SNB
— HOIH (g ~ - —
_ 37BYNI MOY —] 503 l.n
133735 i | s s
— sz;xqodw Q 48 AX3 lnl.mlA ] Gw.um..._z. —Il

193738
_ AINNVHI d
#07

B . i e s e

TouIN? |

%

|
l
|
I
I
l
l
l
I
I
o
TR

QRN

7

dWV ¥344n8 x32\~

»Junoq

\g.-

i 4

AINNVHI HOIH —

(=)
HOIH

i

(8) SLNNI
90VYNV
41:00 H) —

(+)

S
S
~
~

b

le— |

o

"
{ LN
HOLVHYINOD aoH el
G10H 8 31AVS | [SEAL R i
W anod
rlllilllllllillllll

J_OI—
I

~ NOIS¥3ANOD Q-V

o e o)

HOLIMS
0y¥3z-01nv

r—-

Xnw
Lok ]

(8) S1NdNI
90TVYNY
L:0HD

376WN3
*—m01

Trt

19373s

A3INNVHI MO

NOI1123373S T3NNVHI

—— e i e s e o - ]

r”'

3

N—




This A/D converter was adequate for MIBDAPS requirements because
only two analog signals needed to be digitized. Also, it was required
that the conversion error should not exceed +1% of the full scale (Ref 13).
For analog signals of 0-5V, this requirement translates to an error of
¥5mv. The one least significant bit (LSB) value for the ADV11-A is 2-5mv
which means that the maximum error that can be introduced is +2-5mv, which
is within the requirement. 3

The main features of ADV11-A are:

- Analog input full scale range is 10-24V bipolar (-5-12V to +5-12V).

- Logic input voltages are:

low (logic "0") = 0-0 to +0-7V
high (logic "1") = +2V to +5V

- Resolution of ADV11-A 12 12-bit binary weighted. The format of
the digitized signal is parallel offset binary right justified.
- The timing requirements are: :

a. External start should be a Tow-level pulse, 50 nsec minimum
duration and 10 usec maximum duration. Conversion starts on the leading
edge.

b. Conversion time is 16 times the clock period. The maximum
clock frequency is 100 KHZ. '

- Power requirements are:

+5V +5% at 2-PA maximum current

+12V +5% at 450mA maximum current

KWV11-A Programmable Real Time Clock (Ref 11:211-212). The func-

tional diagram for the real time clock is shown in Figure 13. This pro-

grammable clock/counter provides a variety of means for determining time
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intervals or counting levels. It can be used to generate interrupts to
the LSI-11 processor at prédetenmined intervals to synchronize the pro-
cessor to external events or to measure time intervals or establish pro-
grammed ratios between input and output events. It can also be used to
start the ADV11A analog-to-digital converter either by clock counter over-
flow or by the firing of a Schmitt trigger circuit.

The clock counter has a resolution of 16 bits and can be driven from
any five internal crystal-controlled frequencies (100 HZ to 1 MHZ). It
can also be driven from a line frequency input or from a Schmitt trigger
fired by an external clock input. The performance specifications for the
KWV11-A are:

- Internal Clock

The internal clock has a frequency accuracy of #0.01%. The base
frequency is 10 MHZ, and it is divided into five selectable rates (1 MHZ,
100 KHZ, 10 KHZ, 1 KHZ, and 100 HZ).

- Exferna] Clock

The external clock can either be the line frequency input or a
clock generator having the desired frequency.

- Qutput Signals

a. A clock overflow signal occurs whenever a certain timing event
is completed. The characteristics of this signal are: 500 nsec low
asserted level pulse which is TTL compatible.

b. Two trigger outputs, Schmitt trigger 1 and Schmitt trigger 2,
are also available for either being used as a triéger for the ADV11-A
(A/D converter board) or for any other external device. The character-

istics are the same as that for the clock overflow signal.
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DLV11 Serial Line Unit (Ref 11:147-148). The DLV11 is the basic

interface module used for connecting asynchronons serial line devices to
the LSI-11 bus. The functional diagram for the DLV11 is shown in Figure
14. The salient features of the DVL11 unit are:

- Either an EIA RS232 or a 20mA current loop device can be inter-
faced to an LSI-11 bus.

- There are 13 baud rates that can be selected: 50, 75, 110, 134-5,
150, 200, 300, 600, 1200, 1800, 2400, 4800, and 9600.

- The LSI-11 bus interface and control logic for interrupt processing
and vector generation are also available on the board.

- The control/status register (CSR) and data buffer register (DBR)
for programmed or interrupt driven transfer of data are available.

Software Development Tools. One of the reasons why the LSI-11 micro-

computer system was chosen for mechanization of MIBDAPS was because it is
software compatible with the PDP-11 computer family. The following sys—

tems that were available on Wright-Patterson Air Force Base could, there-
fore, be used for software development:-

- The Department of Electrical Engineering at the Air Forcé Institute
of Technology (AFIT), Wright-Patterson Air Force Base, Ohio, has a PDP-11/20
along with a paper tape software system. (A single floppy disk drive has
been added; therefore, the RXV11 operating system could also be used.)

- The AFAL has a cross-assembler for PDP-11 assembly language on its
DEC-10 computer system. Programs could be created on the DEC-10 system:
using text editors. The PDP-11 cross-assembler (MACY11) can then be used
to create absolute loader formatted paper tapes. There is, however, nd

facility to simulate execution of these programs.
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- The AFML has a PDP-11/03 with dual floppy disk drive and an RXV11
operating system. This system uses an LSI-11 microcomputer and all inter-
face boards. The RXV11 operating system has a text editor, macro assembler,

linker, FORTRAN compiler, and peripheral interchange program (PIP) avail-

able on a floppy disk. This system was suitable not only for developing
and debugging programs, but also for real time program execution.

The PDP-11/03 system at AFML was eventually used for the development
of software for MIBDAPS.

Analysis and Design of MIBDAPS

The decisions about the implementation of different functional modules
of MIBDAPS, either in software or hardware, were guided by the following
factors:

- Capabilities and limitations of the KDF-11 processor module along
with 4K words of core memory used as the microcomputer system.

- Capabilities and limitations of support hardware modules, in
particular ADV11-A (ADC) and KWV11 (RTC).

- Speed of software execution.

The KDF-11 processor along with 4K words of core memory (subsequently
referred to as "microcomputer system") would be used to implement the con-
trolling and processing functions of MIBDAPS in software. The ADC board
(ADV11-A) and RTC (KWV11) along with a system clock circuit (which would
be designed and fabricated) were visualized as the only hardware needed
to implement the data acquisition, signal processing, and synchronization
functions of MIBDAPS. Keeping these two factors as guidelines, another
in-depth study of the system requirement model developed in Chapter II 5 |

was carried out. SADT was employed to carry out a functional analysis
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of the system and a new activity model, keeping implementation in view,

was developed.

The node index for this activity model is given in

Table III. It should be noted that this time the mechanization (M) for

each node is also defined as hardware or software, or both. Software

implementation implies programs which would be executed on the micro-

computer system.

Hardware implementation implies use of ADC, RTC, or

an external system clock.

TABLE III
Node Index for New Activity Model

Ag
Al
A13
A4
A15
A6
A162
A163

A22
A33
A34
A35

Acquire and Process Data (same as in Chap II)
Acquire and Process Data

Control All Activity

Switch Power to System

Stop Execution

Start Execution

Start Acquisition and Processing of Data
Initiate Data Acquisition

Initiate Signal Processing

Acquire Data

Process Data

Compute Fourier Transform

Compute Power Spectrum

Compute Damage Factor

Update CDF Array
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The explanation of each node along with data structures used and
input/output signal specifications follows.

Node AP, Acquire and Process Data (Figure 15). The difference

between node AP as compared with node A@* (Figure 4) is the absence of
module A4 (Store Data). This difference has come about because the
Process Data Module will perform the task of storing and updating result
that are stored. The various activities taking place in this node are
listed below.

- The Control All Activity module performs the function of managing
the control and execution of all other activities. It also provides the
DC supply to all hardware modules.

- The Acquire Data module continuously samples and digitizes the
input analog signals, analog vibration signal and analog temperature
signal. Whenever a set of data values have been digitized, it sets the
Acquisition Done flag.

- The Process Data module fakes in the input raw data and processes
it to give an array of damage factor versus frequency. This array is
added on to one of the cumulative data factor versus frequency arrays.
There are 11 CDF versus frequency arrays, one for each expected tempera-
ture intervals (Ref Chap II).

The input/output and control signal specifications are:

- Input Sigral

a. Analog vibration Signa] (I1): 0-5 volts.
b. Analog temperature signal (I2): 0-5 volts.
c. AC power (I3): 110 volts, 60 cycles.
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= Qutput Signal

a. Total Operational Time (01): A display of operational time

in hours and minutes.

b. DC Power to System (02):

c. Cumulative Scale Factor (03):. This is a 16-bit octal number

which gives the scale factor for the output arrays.

d. CDF Versus Frequency and Temperature Arrays (03): These are

13-word long arrays having the data structure as shown in Figure 16.

CSTR1: TEMPERATURE #1
CDSF1
CDF(fO) f0 = 0 HZ
CDF(f]) 'f1 = 100 HZ
CDF(fIO) f]0 = 1000 HZ

Figure 16. Data Structure for CDF Vs Frequency and Temperature Array

- Control Signal

System ON/OFF Control (C1): Once the system is switched ON and the

AC power is available, the system starts functioning.

Node Ail, Control A1l Activity (Figure 17). This node performs the

activities necessary to control the synchronization of all other activities
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of MIBDAPS. The mechanization of different activities in this node are
either done by hardware or'software or a combination of both. It is
assumed that the LSI-11 computer is used to execute the software; however,
hardware mechanization includes various other modules which are being
interfaced to the microcomputer. The various activities performed in this
node are listed below.

- The DC power required by different modules of the LSI-11 micro-
computer system is provided by this node. The 110-volt AC supply is con-
verted to +5V and +12V DC supplies. Whenever the system's ON/OFF switch
is selected to the ON position, the DC supply is switched ON. This is
done by a Switch Power to System module. This module also generates an
interrupt in case the DC power is within an acceptable limit. In case
of a power failure, an interrupt is also generated.

- Total operational time for the system is also computed by the
Record Operational Time module. In case the operational time reaches
the selected time 1imit (15 to 20 hours), an interrupt is generated.

- The Start Execution module, after receiving the Power OK inter-
rupt, initializes the system and sends a signal to Start Acquisition
and Processing of Data.

- The Stop Execution module stops execution of the system func-
tion in case the following interrupts occur:

Power Fail Interrupt
Time Limit Interrupt .

- The Start Acquisition and Processing of Data module initializes
different variables which are used by the software. It then signals
nodes A2 and A3 to start acquisition and processing of data.

Specifications for the input/output and control signals are:

43
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- Input Signal
AC Supply (I3): 110 volts, 60 HZ.

= Qutput Signal

a. Total Operational Time (01): Four 4-bit BCD numbers.

b. Start Acquisition Control (§202): A software-generated com-

mand. The control/status register of the ADV11-A A/D converter (ADC) is
loaded with the appropriate value to enable the ADC. This initiates the
data acquisition cycle.

c. Start Processing Control (§303): This is also a software-

generated command, which activates the processing modules for input data
processing.

- Control Signal

System ON/OFF Control (C1): A signal which initiates the opera-

tion of the system. A logic "1" value is available when the system is
turned ON and logic "0" value when the system is turned OFF.

Node A13, Switch Power to the System (Figure 18). This node carries

out the following activities:

- Converts the AC power supply to +5 volts and +12 volts DC.

- Generates an interrupt to the microcomputer when DC power is
available.

- Detects a power failure and generates a Power Fail interrupt to
the microcomputer.

The input and output signal specifications are:

- Input Signal
AC Supply (I3): This is the only input to this node. The system
operates on 110V AC, 60 HZ.
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= Qutput Signal

a. DC Power Supply: The +5V and +12V DC power supply is routed

to all modules of MIBDAPS.

b. Start Execution (1401): A software-generated signal which is

used to start execution of the program. Bit-9 of variable STEXEC is set
to initiate data acquisition and processing.

c. Power Fail Interrupt (1501): A software-generated signal

which stops execution of the program. Bit-@ of variable STPXC is set to
stop execution of the program.

Node A14, Stop Execution (Figure 19). This node receives the Power

Fail interrupt; it then accesses the vector interrupt address for the
service routine. The service routine is executed and bit-@ of the vari-
able STPXC is set to a logic "1." This variable is sent as an output
signal to stop execution of the system éxecution.

Node A15, Start Execution (Figure 20). This node receives the Power

OK interrupt; it then accesses the vector interrupt address for the serv-
ice routine. The service routine is executed and bit-@ STEXEC switch is
set to logic "1." This variable is sent as to the GO Command to start
system execution.

Node A16, Start Acquisition and Processing of Data (Figure 21). Once

the system has been turned ON and DC power is made available to the sys-
tem, this node starts execution of the data acquisition and data process-
ing functions of MIBDAPS.

The Stop Execution Command (14C2) and Start Execution Command (14C1)
are used to start and halt the execution of data activity. The input/out-

put signal specifications are:

46
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- Input Signal

a. Acquisition Done Status ($§2I1): Whenever the acquisition of

n-data points is complete, the variable ADFLG is set to logic "1." This
variable along with ADCNT (number of data points to be converted) and
CDATA (starting address of data buffer where data is to store) are passed
to the Initiate Data Acquisition module. All of these variables need to
be initialized whenever data acquisition has to be reinitiated.

b. Processing Done Status (@312): The following variables are

passed to the Initiate Processing module for initialization: DATA - Con-
tains starting address of data to be processed. SFACTR, CUMSF1, and
CDSFi (i=1, 2...) - Scale factors used in node A3, which are explained
later; however, each has to be cleared before processing.

- Qutput Signal

a. Start Acquisition ($201): This signal is generated when the

control/status register (ADCSR) for the A/D converter is loaded with the
appropriate bit pattern. Once the ADCSR is loaded, the acquisition of
data starts.

b. Start Processing (P302): This is a software-generated com-

mand, and it initiates the processing of data.

- Control Signal

a. Start Execution (14C1): This is a software switch, STEXEC,

which is set to logic “1" whenever DC power is available and the system
has been initialized.

b. Stop Execution (14C2): This is also a software switch, STPXC,

which is set to logic "1" whenever a power failure occurs.

Node 162, Initiate Data Acquisition (Figure 22). This node shows

explicitly the functional decomposition of the module Initiate Data
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Acquisition of node A16. The STEXEC switch (161;1) and STPXC switch
(161C2) control the activity in this node. The input signal @211—CDATA,
ADCNT, and ADFLG—is initialized by modules 1, 2, and 3, respectively.
The Generate Start Acquisition Command loads the ADCSR with appropriate
bits to initiate acquisition of data by ADC, only after all of the above
mentioned switches are initialized and STEXEC is set to logic "1."

Node 163, Initiate Signal Processing (Figure 23). This node shows

the functional decomposition of the Initiate Signal Processing module of
node Al16. The activities in this node are similar to node A162. The
input signal Processing Done Status (§321) and output signal Start Pro-
cessing (P301) are different. The input includes SFACTR, CUMSF1, CDSFi
SPCTRA, and DATA switches. These are initialized in this node. The
Start Processing Command generated in this node starts the execution of
the processing of acquired data. '

Node A2, Acquire Data (Figure 24). This node performs the activity

of acquiring data and storing it in temporary storage. Once the acqui-
sition of N-data points is complete, the acquisition is stopped and the
ADFLG switch is set to logic "1." When the analog temperature signal is
selected for acquisition, the temperature interval flag, TFLG, is loaded
with a number from @ to 11. The temperature interval anumber that is
loaded in TFLG depends on the value of the temperature signal at the
time of conversion. The input and output signal specifications are:
- Input Signal
a. Analog vibration signal: 0-5V.
b. Analog temperature signal: 0-5V.
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‘= Qutput Signal

a; Temperature Interval Flag (§301): A decimal number between

P and 11 is loaded in TFLG. This number depends on the value of the
temperature signal at the time of acquisition.

b. N-Input Data Points (§302): The data structure for the data

buffer storage is given in Figure 25. CDATA is the switch which contains
the starting address of the data buffer to be used. ISTR1 and ISTR2 are
the starting addresses of the two buffers. Each buffer is N;words long.

c. Acquisition Done Flag (P103): Bit-p of switch ADFLG is set

to logic "1" whenever data acquisition of N-points is complete.

Node A3, Process Data (Figure 26). The activities performed by this

will be easier to understand if the flow of data through each module is
explained. The Input Data (P2I1) is N-points of acquired data which are
stored in a buffer area. The starting address of this buffer is available
in switch DATA. The fourier transform of these N-points is computed, and
the results are stored back in the same buffer area. Switch SFACTR con-
tains the scale factor for the resulting array. The fourier transformed
array serves as an input to the Computer Power Spectrum module. This
module computes the power spectrum for first M-frequency components
(including DC term). The output for this module is M-element power spec-
trum array and switch CUMSF1, which has the scale factor for this array.
The M-element DF array is added to one of the existing CDF versus fre-
quency arrays. The value of switch TFLG is used to select the final
array, where the DF array is added. The data structure associated with
each module of this node is explained in the subordinate nodes.

Node A32, Computer Fourier Transform (Figure 27). This node takes

the input data from the buffer storage, computes the fourier transform
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CDATA:
ISTR1:

ISTR2:

STARTING ADDRESS

dg

dy

Data Buffer #1
(N-words long)

Data Buffer #2

(N-words long)

Figure 25.

Data Structure
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of the N-data points, and stores the results in the original data buffer
array. The input/output data structure is shown in Figure 28. Switch
DATA contains the starting address for the input/output data buffer area.
Each data buffer area is N-words long.

Node A33, Computer Power Spectrum (Figure 29). This node takes the

N-point transform array and computes the power spectrum for first M-fre-
quency components. The resu]tant M-point array is stored in another
temporary data storage area whose starting address is stored in switch
SPCTRA. The input/output data structure is shown in Figure 30.

Node A34, Computer Damage Factor (Figure 31). The M-point power

spectrum array is input to this node (33I1). It takes the starting
address from the SPCTRA switch and computes the damage factor for each
M-data points in the input array. The resultant DF array is passed on
to Node A35.

Node A35, Update CDF Array (Figure 32). This node takes the damage

factors computed by node A34 and updates one of the 11 CDF versus fre-
quency arrays. Switch TFLG (@2C1) is used to select the starting address
of the output array which corresponds to the correct temperature interval.
The output data structure for CDF versus frequency arrays is given in

Figure 33.

Summar

In this chapter, the selection of a microcomputer system to imple-
ment MIBDAPS waslééééf‘lBQEEQ on the selected microcomputer system, the 5
partitioning of MIBDAPS into hardware or software realizable modules was
performed. A detailed design of MIBDAPS, including mechanization of dif- o b
ferent modules, input/output data structures, and breakdown of different , *

modules into primitives, was carried out using SADT. o
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DATA:

ISTR1:

ISTR2:

STARTING ADDRESS

do

4

N-1

Data Buffer #1

(N-words long)

Data Buffer #2

(N-words long)

~ Figure 28. Input/Output Data Storage for Node A32
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DATA: STARTING ADDRESS SPCTRA: SSTORE
R1: d s
ISTR1 0 SSTORE s0
4 5
dN-1 SM-1
. ) Output Data
Ll d0 Structure
]
d]
dy-1
Input Data
Structure

Figure 30. Input/Output Data Structure for Node A33.
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CSTRI: TEMPERATURE #1
~SCALE FACTOR #1 |
Xo CSTR6: [ TEMPERATURE 76
SCALE FACTOR 76
Xy .
: N/
X ’/// : -
M-1
CSTR2: TEMPERATURE #2 ]
SCALE FACTOR 27 CSTR11: | TEMPERATURE F1T
SCALE FACTOR 711
Yo
Wo
% -
W1
YM-1

Figure 33. Output Data Structure for Node A35
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IV. Design and Implementation of Software

The general design of MIBDAPS discussed in Chapter III presented
the foundation for system implementation. The division of the overall
system into software and hardward modules was also accomplished. In this
chapter, the algorithm for each software module is developed. Subsequently,
the LSI-11 assembly language code is written for the designed algorithms. The
source listing for each software module is included in Appendices E, F, and G.
Before the software aigorithms are designed, a mathematical analysis of
the signal processing function of MIBDAPS is presented. This analysis is
performed to determine system parameters and their variation during the

signal processing of data.

Determination of System Parameter§

The development of any software module requires a priori knowledge

of the computation taking place within the module and the relationship of

input and output parameters. Therefore, a mathematical analysis of the
data acquisition and signal processing functions of MIBDAPS is required.
This analysis should result in the type and amount of computation required

within each software module of MIBDAPS and the different input/output

parameters. Because the processing of the acquired data is to be done
in real time (Ref Chap I), timing constraints placed on the system would
also be determined in this analysis.

Data Acquisition Analysis. The MIBDAPS is required to digitize the

analog vibration signal and the analog temperature before any signal pro-

cessing is carried out. The acquisition analysis for the analog vibration

signal is carried out first. This would be followed by the acquisitiom

analysis for the analog temperature signal.
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The analeg-to-digital conversion of a cqntinuous signal is a two-
step progress, as shown in Figure 34. The analog signal is first sam-
pled, and then followed by quantization of the amplitudes of the sampled
signal (Ref 2:155).

Numerica]
Output

(1234
5678
Mv- Sampler 'III”I L Quantizer |——| 7556
1357

-1200
-0500
| 1426

Figure 34. Sampling and Quantization of an Analog (From Ref 2:155)

The limitations and applicability of these two steps will first be
considered and, particularly, the consequences arising from the selection
of a given sampling rate and number of quantizing levels.

The first problem that arises from sampling a continuous signal is
that of aliasing. The nature of this problem is illustrated in Figure 35
which shows that the same set of sampled data points can describe a num-

ber of time series histories, which are indistinguishable to the digital

computer.
'(/,—alternate possible functions
! : . : =
0 3 t, tg ty tg tg t
Sampling Points

Figure 35. Aliasing (From Ref 2:157)
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To overcome this problem, the continuous signal which has a finite
bana width up to and including B rad/sec should be sampled at /B sec

intervals (Ref 2:160). Therefore, the sampling interval AT is given as:

AT = /B (2)

B = 2nf, (3)

where

fm = maximum frequency content of the signal

From Eq (2) and Eq (3) we get
:4l : {
AT = foer ta)
The sampling frequency F, which is the reciprocal of AT, is given by
F= /AT=2f (5)

Equation (5) defines the sampling frequency required to reduce the effect
of aliasing. This rate is also known as the Nyquist sampling rate (Ref 6:
225). The analog vibration signal input to MIBDAPS is expected to have

a finite band width extending from OHZ to 1000 HZ (Ref Chap I); there-
fore, Eq (5) specifies that the sampling frequency for this signal

should be equal to or greater than 2000 HZ.

The second step in data acquisition is quantization. "Quantization"
is defined as the representation of a variable aqplitude series of ais-
crete sample values as an equivalent series of discrete numbers represent-
ing their amplitdde values.. This process can only be an approximation
because the number of bits in a digital representation is limited, even

though the analog signal can assume an infinite number of values. The
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numerical values of the quantized variable may be represented by some

form of binary code to permit entry into the digital computer (Ref 2:162).
Figure 36 shows the transfer characteristics of the quantizer which gives

a 3-bit code for an input analog signal. The analog values are quantized
by partitioning the continuum into eight discrete raﬁges. A11 analog
values within a given range are represented by the same digital code, which
corresponds to the nominal mid-range value. There is, therefore, an
inherent quantization uncertainty of +) LSB. The only sure way to reduce
this quantization uncertainty is to increase the number of bits for the

representation of output and have more quantization levels (Ref 8:69).

m : '::;7‘:-
/

’//' ideal transition
q__/

101
/ \ normalized quantized
‘//’ value (+% LSB)

100 /

on
/,/' 1 LSB
o

010
v
001 ///

000 T/8FS  1/4FS  3/8FS  1/2FS  5/8FS  3/4FS 7/8FS FS

Analog Input

110

Figure 36. Quantizer Transfer Characteristics (Frdm Ref 8:69)
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The ADC used for data acquisition in MIBDAPS is a 12-bit successive

approximation converter wﬁich has one LSB value equal to 25mv (Ref Chap 3
IIT). Thus the quantization error, which is +}; LSB, is equal to +12-5mv.

The analog vibration and temperature signal will have a full-scale value

of 5 volts; therefore, the quantization error will be +0.25 percent of

the full-scale value.

Signal Processing Analysis. The signal processing function of

MIBDAPS has been broken down into three sub-functions (Ref Chap III,
Node A@). The mathematical analysis of the signal processing in each
subunit will now be carried out. |

1. Processing an Analog Vibration Signal. The power spectral

density of the digitized vibration signal needs to be computed first
before the damage factor for each frequency of interest is computed

(Ref Chap III). This can be accomplished by first determining the
frequency domain spectrum of the input time domain signal. The Fourier
transform is a method that converts a signal from time to frequency
domain. Since the input signal is a sampled version of the continuous
time domain signal, the discrete fourier transform (DFT) method was

used for the transformation. Equation (6) gives the expression for the
conversion of N sampled data points from time domain to frequency domain:

N-1
F(n) = 2 x(k)exp(lgﬁﬂﬁ), n=0; 1y 2 oo N=) (6)
k=0 '

where F{n) is the nth point in the frequency domain and n(k) the kth
point in the time domain. The x(k) may be complex and the F(n)'s are

always complex. We can rewrite Eq (6) as
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ST Nt 5 o i

%
F(n) = xék)w"k, n=0,1,2... N1 (7)

M=

where

W = exp(Zm) : (8)

Figure 37 shows the required frequency domain spectrum (Ref Chap I)
from 0 HZ to 1000 HZ. The frequency interval Af, which is 100 HZ, will
be used to determine the number of time domain samples required for tﬁe
Fourier transformation. Equation (9) gives the relationship between Af

and the sampling interval T (Ref 3:87).

1
or T= v (10)
Af ‘
also T = MxAT (1)
therefore M=/ (12)
AT

Equation (12) gives the number of sampled points M required to get a fre-
quency spectrum shown in Figure 37. The relationship between the signal
in the frequency domain and time domain is shown in Figures 37 and 38,
respectively. From Eq (4) AT is computed equal to 0.5 msec, and Eq (10)
gives T equal to 10 msec. Therefore, the number of sampled points M
required to get the desired frequency spectrum is 20, which is calculated
using Eq (12). Once the frequency spectrum of the time domain signal is
computed, the next step in signal processing is to compute the power spec-
tral density for each frequency component. After the Fourier transforma-
tion, each frequency component F(n) in Eq (6) is a complex number as given
in Eq (13):

n




]
Af
0 ] 2 3 4 5 3 7 8 9 1of’ .
(X100 HZ) -
Figure 37. Frequency Domain
A x(t)
/] \\ ”—‘—\\
/ e
AT
0 2 M 5 b L
M-1
L T 4
r ==y
Figure 38. Time Domain
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F(n) = x, + Jy, (13)

the power spectral density can be calculated using Eq (14):
= 2 2 :
Am) = (x)2 + (y,) (14)

However, the nature of the input signal is random (Ref 13) and to get
a good representation of the power spectral density a mean value for

the P set of spectral density points is taken (Ref 2:195). This is

expressed mathematically in Eq (15)£

A(n), n =0, 1, ... M-1 (15)

where subscript k denotes a unique set of M spectral density values, and
A is the mean power spectrual density.

Once the mean power spectral density is computed, the damage factor
at each frequency component can be evaluated using Eq (16) (Ref 13):

3.2

pF(n) = KAMI™™ o 1 o (16)
(Fay>*

where

A(n) =/ A(n) ” (17)

Here fn is the frequency at which the damage factor is being calculated.

From Eqs (16) and (17) the following relationship is derived:

DF(n) - k[{K(N)}ﬂ3.2

= ,n=0,1...Ml . (18)
(fn)s 4
or
~ ].5 %
DF(n) = 5[:;‘—(151_1&—, n=0,1... M1 (19)
(‘n)
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Equation (19) eliminates the need to compute the root mean square (RMS)
of the average power spectral density. The CDF, which is a function of
frequency and temperature, is obtained by continuous summation of DF
values over a predetermined interval. Equation (20) gives the required
relationship:
R

COF(t., m) = §=]DFJ,(m), m=0,1...M1 (20)
Here, ti represents the ith temperature interval for which the CDF is com-
puted, and subscript j indicates the number of DF value sets that have
been summed together.

2. Analog Temperature Signal. The temperature signal is sampled

every time a set of 20 data points of the vibration signal is processed
and the power spectral density has been computed. Since P set of power
spectral density values are summed [Fq (15X], there are P temperature
values that can be summed up to give an average temperature value T. The
average temperature value would be available when the DF is computed and
the final output array (CDF versus frequency and temperature) is to be
updated. The following equation gives the mathematical relationship for

T (average temperature):

Ly =
T= /I T(k) (21)
P k=0
This concludes the mathematical analysis of the data acquisition and

signal processing functions of MIBDAPS. The software modules to imple-

ment different functional activities will now be developed.
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Implementation of Software Modules

The software modules-which will be used to perform different
functional activities are developed in subsequent paragraphs.

Fourier Transform Module. The Fourier transform is a method to con-

vert the signal spectrum from the time domain to a spectrum in the fre-
quency domain. Since MIBDAPS suses digitized data for precessing, the DFT
algorithm can be used to transform the digitized vibration signal from

the time domain to the frequency domain. Equation (7) gives the mathe-
matical relationship to convert a digitized signal to a frequency domain.
A computer program to perform the summation given in Eq (7) can be written,
but it turns out that this can be a very slow and time-consuming process
if the equation is implemented as given (Ref 6:267). The reason for this
inefficiency is that the transformation of N-data points requires N2 com-
plex multiplications and N(N-1) complex additions (Ref 3:151). To speed
up the DFT implementation on the computer, Cooley and Tukey (Ref 3:151)
developed a fast Fourier transform (FFT) algorithm, which for N = 2X
points reduces the complex multiplication to Nx/2 and the complex addi-
tion to Nx (Ref 3:151).

Appendix C gives the theoretical development of the base 2 FFT algo-
rithms. It was determined earlier that 20 points of DFT are required to
get the required frequency spectrum of the vibration signal. N = 20 does
not satisfy the relationship N = 2X where x is an integer; therefore, a
base 2 FFT algorithm would not be used. FFT algorithms for arbitrary
factors can also be written (Ref 3:184). An FFT.a1gorithm for 20-point
DFT was written, but it was found that 125 complex multiplications and
108 complex additions are required. On the other hand, a 32-point FFT

algorithm requires 80 complex multiplications and 160'comp]ex additions,
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so it was decided to use a 32-point FFT algorithm. This would give a
frequency spectrum from O HZ to 1500 HZ, and by picking up the first 11
frequency components, the desired spectrum for MIBDAPS could be obtained.

Figure 39 shows the relationship between the time domain signal and the

resultant frequency domain signal. The sampling frequency F should now be

3200 HZ [Ref Eq (5)], and the sampling period AT becomes equal to 0-3125 msec.

AZ(t)
e ‘
—_ t |
0 1 2 3 4 28 29 30 31
AF(n)
1 ! = fn
0 1 2 3 4 13 14 15 (X 100 HZ)

Figure 39. Time and Frequency Domain Signals for 32 Samples

The FFT algorithm developed in Appendix C can handle both real and
complex input data. However, the input to MIBDAPS is real data, and com-
putation time would be halved if 2N points of real data are treated as N
points of complex data. This would enable the use of an N-point FFT algo-
rithm. The theoretical background for transforming 2N points of real data -

using an N-point FFT is given in Appendix D; this algorithm was eventually
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used for implementation of the Fourier transform module. The descrip-
tion of the algorithm is given in the following paragraphs.

1. Algorithm to Impiement Fourier Transform Module. Figure 40

shows the flow chart of the algorithm that was implemented. The input
data array is assumed to have 32 real data points in contiguous memory
locations. Since the FFT algorithm described in Appendix D would be
implemented, it is assumed that the input array has 16 complex data

points (all odd points are treated as real points and all even points are
treated as complex points). The bit-inversion subroutine is called first
so that the data elements are bit-reversed before being processed by the
FFT subroutine. This is done to ensure that the output of the FFT sub-
routine would be in the correct order. The FFT computation is performed
on the bit-inversed array; the resultant array would be 16 complex Fourier
transformed points. To get the correct transformed array for real data
points, the post-processing computation (Ref Appendix D) is performed;
this would give the 16 complex values corresponding to freéuencies from

0 HZ to 1600 HZ. Aithough a 32-point real data array should result in

32 complex point Fourier transformed arrays, the algorithm being imple-
mented only gives 16 complex Fourier transformed points. This discrepancy
is because the other 16 complex transformed points are the complex con-
jugates of these points and are obtainable easily. However, these points
are not required for further processing in MIBDAPS and, therefore, are

not computed.

2. Description of Different Subroutines.

a. Bit-Inversion Subroutine. The flow diagram for the bit-

inversion (BIV) subroutine is given in Figure 41. The starting. address

of the input data array is stored in pointer DATA. The five LSB of the
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START

CALL BIT
INVERSION
ROUTINE

CALL FFT
SUBROUTINE

CALL POST
PROCESSING
SUBROUTINE

Figure 40. Flow Diagram from Fourier Transform Module
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START

SET LOOP
COUNTER
RS = 32

|

GET ADDRESS OF
FIRST POINT AND
STORE IN R1

5
L g

COMPUTE BIT
INVERTED
ADDRESS USING
R1 AND STORE
IT IN R2

!

SWAP CONTENTS
OF MEMORY
LOCATIONS

POINTED TO
BY R1, R2

}

GET NEXT
ADDRESS
R1 =Rl +1

v

DECREMENT
RS

RETURN

R5

]
o

Figure 41. Flow Diagram for Bit-Inversion Subroutine
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address for any data elements are used to compute the bit-inverted
address. These two memory location contents are then swapped. This
process is repeated for all data elements, and the resulting array is in
bit-reversed order.

b. FFT Subroutine. The transformation of input data is carried

out in four steps (or passes). The manipulation of data within this sub-
routine follows the scheme given in the signal flow graph shown in Figure
C-2, Appendix C. During the first pass, there are no complex multiplica-
tions (Ref Table C-I, Appendix C); therefore, the following equations

need to be implemented:

R(m)' = R(m) + R(n) (22)
I(m)'= I(m) + I(n) (23)
R(n)'= R(m) - R(n) (24)
I(n)'= I(m) - 1(n) (25)

The letter within the parenthesis signifies a pair of points which are
used in the calculation.

The second, third, and fourth pass require complex multiplications

because of the wgk factor. The equations implemented in these passes are:

X(m)
X(n)

X(m) + X(n)W (26)
X(m) + X(n)W? (27)

Here
X(m) = R(m) + jI(m)
X(n) = R(n) + jI(n)

w = exp(Zgﬁiﬂ) =yt
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Also, the exponents of W, y and z, are N/2 apart, such that the follow-
ing relationship holds:

Wos V2 ty = (28)
Equations (26) and (27) can be rewritten using Eq (28).

X(m) = X(m) + X(n)WY (29)
X(n) = X(m) - X(n)WY (30)

or

R(m) + jI(m)
R(n) + jI(n)

R(m) + jI(m) + [R(n) + jI(n)](Cosy + jSiny) (31)
R(m) + jI(m) - [R(n) + jI(n)](Cosy + jSiny) (32)

Collecting terms and rearranging Eqs (31) and (32), the following

relationship evolves:

R(m)' = R(n)Cosy + I(n)Siny + R(m) (33)
R(n)' = -R(n)Cosy - I(n)Siny + R(m) (34)
I(m)' = -R(n)Siny + I(n)Cosy + I(m) (35)
I(n)' = R(n)Siny - I(n)Cosy + I(m) (36)

Equations (33), (34), (35), and (36) are finally used in computation
during the second, third, and fourth pass. The flow diagram for the FFT
subroutine is given in Figure 42. The flow diagram shows a call to sub-
routine SCALE; this subroutine is used to ensure that the data array is
scaled to avoid any arithmetic overflow during computations in any pass.
The flow diagram for the subroutine SCALE is shown in Figure 43. Before
the subroutine is called, it is assumed that the starting address is
loaded in Register RO, and the number of points in the array is stored in

Register R1.
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Figure 42. Flow Diagram for FFT Subroutine
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c. Post-Processing Subroutine. After the FFT of input data is

completed, the post-processing of the resulting array is carried out to
get the correct output array (Ref Appendix D). Equation (D-8), Appendix D,

is rewritten below:
X(n) = 5[V(n) + V*(N-n)] + %;[V(n) - V*(N-n)IHp" (37)

where

V(n) = Y(n) + jZ(n) : (38)

Substituting Eq (38) in Eq (37) and separating the real and iméginary

parts, the following relationships are derived.

Re[X(n)] = K[Y(N-n)] + Cos(3M)[Z(n) + Z(N-n)]

- sin(GR)Y(n) - Y(N-n)] (39)
Im[X(n)] = %[Z(n) - Z(N-n)] - Cos an-)[Y(n)-Y(N-n)]
- sin(fHZ(n) + Z(N-n)] (40)

If Rp, Ip, Rn, and Im are defined as follows

Rp = Y(n) + Y(N-n) (41)
Ip = Z(n) + Z(N-n) (42)
Rm = Y(n) - Y(N-n) (43)
Im = Z(n) - Z(N-n) (44)
and using the fact that - Sinl:";‘-(—ﬂ)l] = Sin(-’hﬁ) and Cos[}";—)—"fl = -Cos(':‘—“),
Eqs (39) and (40) can be rewritten: ' ‘
Re[X(n)] = Rp + Ip Cos(%}) - Rm Sin(%g) (45)
Im[X(n)] = Im - Ip Sin(%g) - Rm Cos(%g (46)
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Re[X(N-n)] = Rp - Ip Cos(%}) - Rm Sin(%g) (47)

Im[X(NQn)] = Im- Ip Sin(%%) + Rm Cos(%f- (48)

Equations (45), (46), (47), and (48) were eventually used in the
implementation of the post-processing subroutine. The flow diagram for
the post-processing subroutine is given in Figure 44.

3. Assembly Language Code for FFT. The FFT algorithm was coded in

LSI-11 assembly language. A deviation from the flow diagram of Figure 42
was made and all other subroutines (SCALE, BIT INVERSION, POST-PROCESSING)
were included in the FFT subroutine. Appendix E gives a sourée listing of
FFT subroutines. The complete analysis of the subroutine execution time
is also given in Appendix E.

Power Spectrum Module. The Fourier transformed array, which is the

output from the Fourier transform module, contains 16 complex frequency
components. The power spectrum for the first 11 frequency components
(from 0 HZ to 1000 HZ) needs to be computed. This is accomplished using
a subroutine called PRSPEC (Power Spectrum). The flow diagram from the
subroutine PRSPEC is shown in Figure 45, which shows that the first

11 frequency components of the power spectrum are calculated by

squaring the real and imaginary parts and summing them together. The
output is added to the previous elements of an array whose starting
address is stored at pointer SPCTRA. This feature helps in computing
the average power spectrum which would then be used for computing the
damage factor at each frequency of interest [Ref Eq (15§]. The assembly
language code for PRSPEC is given in Appendix F; this appendix also con-

tains the analysis of execution time for this subroutine.
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Damage Factor Module. The subroutine to calculate the DF at each

frequency of interest implements Equation (19), which is rewritten:

- 16
KA ph=0,1, ... 10 (49)

OF(n) )58

or DF(n) = K'[A(n)]' "6 (50)
where

|=K )
e "

Since the factor K' is constant for each frequency, the function imple-
mented in this subroutine is [K(n)]los. To implement this exponential
factor, the expected values of ﬂ(n), which are going to be less than

equal to 1-0, were divided into 10 intervals as shown in Figure 46.

DF

« 16

- \J\

Y
>

0o -1 «F w3 & 8 <6 7 B .9 1-0 -

Figure 46. Damage Factor Versus A Curve Divided Into 10 Intervals
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A polynomial curve fit program PLSCF, available as an AFIT Library sub-
routine on the CDC 6600 computer (Ref 15:A-5), was used to fit poly-
nomial curves to each of the 10 intervals shown in Figure 46. It was
experimentally determined that if the ordinate (DF) was divided into 8
intervals, shown in Figure 47, a second-order polynomial gave the least
RMS error for these intervals as compared with RMS errors for othér com-
binations of %nterva]s. Appendix K gives a description of the curve
fitting program. The equation for a second-order polynomial and the

coefficients for the 8 intervals (Figure 47) are also given in Appendix K.

DF

1-6

\/\

(R)

This interval has
been expanded.

-

= o A 1 i |
3 4 5§ 6 <7 -6 98 140

¢ & -1 -2

Figure 47. Damage Factor Versus A Curve with the Selected Intervals
for Curve Fitting Program (8 Intervals)

The flow diagram for the subroutine to compute the damage factor is

given in Figure 48; this subroutine is called POLYN. Note that the
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Figure 48.

Flow Diagram for Subroutine POLYN
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resulting DF values are added to the existing elements of the selected
output array (Ref Chap III). This is done to get the CDF as a function
of temperature and frequency. The assembly language code for subroutine
POLYN is given in Appendix G. This appendix also gives an analysis of
execution time for this subroutine.

Control Executive (EXEC). The Control Executive is the systems pro-

gram that handles the execution of all the modules in MIBDAPS. The con-

trol and synchronization of different activities is also handled by this

program.

The state transition diagram that shows the initial switching on
sequence is given in Figure 49. Once the power is switched ON to the
system, the microcomputer executes its own interval microcode and jumps
to location (17300)8 where if finds a WAIT instruction. Once the POWER OK
or POWER FAIL interrupt occurs, the service routine for either of these
interrupts is executed. In case the POWER ON sequence is successful, the
execution of the system starts.

Figure 50 shows the flow diagram for the continuous execution of the
system. The acquisition of data is done using the interrupt feature of
ADV11-A. Therefore, the data acquisition occurs while the processing of
previously acquired data is going on. The real time clock would be used
for synchronization for the entire data acquisition and processing cycle,
but this feature has not yet been included in the flow diagram. The
"dashed" block in Figure 50 (page 94) would accomplish the synchroniza-

tion of different processing cycles.

The assembly language code for EXEC is given in Appendix H. The

execution time analysis is also included in Appendix H.
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Figure 49. State Transition Diagram for Initial Power ON Sequence
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Summar.
In this chapter, the mathematical analysis of data acquisition
and processing functions of MIBDAPS was presented. The theoretical
background necessary for the development of each software module was
discussed. This was followed by the generation of a flow diagram and
assembly language code for each software module. The design of hard-

ware realizable modules of MIBDAPS is undertaken in the next chapter.
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V. Design and Implementation of Hardware

Introduction

The design and implementation of software realizable modules of
MIBDAPS was presented in Chapter IV. The next step in the development
of MIBDAPS was the design and implementation of hardware realizable
modules (Ref Chap III). In this chapter, the general design approach
is discussed and the implementation of the designed circuits using stand-
ard off-the-shelf integrated circuits is explained. At the end of this
chapter, the DC power supply requirements are discussed and the use of
standard DC power supply modules is suggested. The author's conception
of the prototype module of MIBDAPS along with its physical dimensions is

also presented.

Design of Hardware Circuits.

The design of different hardware realizable modules is described in
the following paragraphs. The design is based on the functional require-
ments spelled out in Chapter III.

System Clock Generation Circuit. The data acquisition function of

MIBDAPS required that the vibration analog signal be sampled at a fre-
quency of.3200 HZ (Ref Chap IV). Therefore, to gather data at this sam--
pling rate, it was necessary to trigger the ADC (ADV11-A) by a 3200 HZ
external clock (Ref 11:335-338). The same clock was also required to
synchronize different processing loops during system execution (Ref Chap
IV). Figure 51 is the schematic that shows the hardware configuratiom
where the system clock was used. It should be noted that the output of
the clock is fed to the RTC before being applied to the ADC. This has
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been done to ensure that the clock is conditioned by the Schmitt trigger

circuit on the RTC board (Ref 11:211-212) before being applied to the

ADC.
3200 HZ
Clock
SYSTEM REAL >
CLOCK = TIME
GENERATOR -~ CLOCK s
Digitized
Signal ANALOG TO -
~ DIGITAL [ S’.‘a °$,
CONVERTOR |je——— >19Na13

Figure 51. Hardware Configuration Showing System Clock Generator

To design a stable 3200 HZ clock, SN74LS424 clock generator IC and a

64K HZ crystal were used as the reference oscillator (the choice of crystal
frequency was arbitrary). This reference frequency was divided down to
get the required 3200 HZ clock. Two SN7490 ICs were configured to accom-
plish the appropriate frequency division. Figure 52 shows the circuit
diagram of the designed clock generator.

POWER ON Interrupt Circuit. The LSI-11 bus foundation module

(DRV11-P), which is manufactured by DEC, can be used for user defined
interfaces (Ref 11:169). This module is supplied with the logic necessary
for interfacing to the LSI-11 bus. This logic includes bus transceivers,
a device address comparator, protocol logic, interrupt logic, vector
address comparator, and bus receivers and invertors (Ref 11:169). The
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device interrupt generator and vectors address generation feature of
this module were used ih the design of the POWER ON interrupt circuit.

The POWER OK interrupt occurs whenever the DC power to the system
has been switched ON and +5V, +12V DC supplies are within acceptable
limits. The POWER ON transition and a signal frém the power sense cir-
cuit wouid be used to generate the requisite sequence of signals neces-
sary to activate the interrupt and vector address generator feature on
the DRV11-P. (The reader is referred to Ref 11:177 for an understanding
of the logic requirement placed on the requesting device.)

The block diagram of the designed circuit is given in Figure 53.

-

S SWON SWON
SWITCH INTERRUPT s
r | #—  DEBOUNCE SIGNAL | To
E | CIRCUIT INITIATION > DRVII-P
A | LOGIC REQ
PWROK
+5V
POWER
SENSE
CIRCUIT
+12v

Figure 53. Block Diagram of PWROK Interrupt Generator

This circuit assumes that the +5V supply is available to itself and the
DRV11-P module before the POWER ON switch (SW1) makes the OFF-to-ON
transition. This assumption would create a problem if there is only one

power ON/OFF switch in the system. The solution to overcome this problem
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is to have a RUN/STANDBY switch, which is put to the STANDBY position

before the POWER ON/ORR switch is switched ON. The RUN/STANDBY switch

is then switched to the RUN position, which would generate the appropriate
signal sequence for the interrupt and interrupt vector generation logic

on the DRVI1-P. Figure 54 shows the designed circuit diagram along with
the timing diagram of the logic signals generated.

POWER FAIL Interrupt Generator. This circuit would be used to gen-

erate an interrupt whenever a power failure occurs or when the RUN/STANDBY
switch makes a RUN-to-STANDBY transition. Figure 55 shows the block dia-
gram of the hardware configuration required. This circuit was not designed
due to the shortage of time. The DRV11-P could be used to generate the
POWER FAIL interrupt; however, a logic circuit to initiate the interrupt

request and interrupt vector cycles would have to be designed.

SWON ~
INTERRUPT M
SWITCH — F ] GENERATION TRIG_  To
o—]  DEBOUNCE INITIATION > DRVI1-P
CIRCUIT —s poelc b REQ
+5V
——>|  POWER
SENSE
—J] CIRCUIT
+12v

Figure 55. POWER FAIL Interrupt Generation Logic

Operational Time Recorder. The block diagram for the operational

time recorder is given in Figure 56. The system clock is fed to this
102




TRET——

circuit, and it keeps track of the>time for which the system remains
operational. Whenever the operational time reaches the 15-hour limit,
an interrupt is generated and the system executives a "halt" cycle.

The operational time is also displayed on the front panel. In case
either a power failure occurs or the system is switched to STANDBY mode,
the current operational time would be stored in the core memory. This is
done to obtain the total operational time for which the system monitors a

test piece in case the system was operated in different time segments.

g Ly > TIMING
GENERATOR CiEs
TIME LIMIT | <

<< BUFFER
INTERRUPT [<S B A e——

i To DRVI1-P
K \y}
To DRVI1-P
LED DISPLAY

Figure 56. Operational Time Recorder

Power Supply Requirement

The power requirement for each hardware module used in MIBDAPS is
tabulated in Table IV. The +5V DC supply is required to source a maxi-
mum current of 16-63A, and the +12V is required to source 2-21A maximum.

A comparative analysis of the +5V and +12V DC supplies available from dif-

ferent manufacturers was done. The following characteristics were compared

during this analysis: maximum output current, load regulation, ripple and
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noise, case size, and weight. Based on this analysis, model numbers

HE 252 and HE 212, the +5V DC and +12V DC supplies, manufactured by
Computer Products Incorporated, are the recommended DC power supplies

for MIBDAPS. Table V lists the salient features of these recommended
supplies; it should be noted that the maximum rated current for the sup-
plies is more than the required maximum current for MIBDAPS (see Table IV).

This would enable future additions of the required hardware modules.

Mechanical Description of MIBDAPS

The author's conception of the final shape of MIBDAPS (called
MIBDAPS-I) is given in Figure 57. The detailed diagram showing the layout
of different subunits and their dimensions is given in Figure 58. It
should be noted that the rear view shows an AC inlet socket and an RS-232
outlet. The RS-232 would be provided to connect the system to a TTY,
which would be used as an I/0 device to get a printout of CDF versus

frequency and temperature arrays.

Summar r

In this chapter, the design and implementation of two hardware modules
was presented along with the block diagram descriptions of the other two-
hardware modules which need to be designed. The power supply requirements
was determined and a recommendation for off-the-shelf DC power supplies
was made.

The physical dimensions for the mainframe and the location of sub—
units within the mainframe were made. Diagrams depicting the physical
chape and dimensions of MIBDAPS have also been drawn. Integration of the
system was accomplished next. The results of testing the integrated sys—
tem are discussed in the following chapter.
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TABLE IV

Power Requirement for MIBDAPS

Iy Current Required Current Required
Description From +5V Supply From +12V Supply
of Modules (nominal/maximum) (nominal/maximum)
LSI-11M 1-8A/2-4A 0-8A/1-1A
Processor '

DLV11 Serial 1-6A/1-6A 0-18A/0-25A
Line Unit

ADV11-A A/D 2-0A/2-0A 0-45A/0-45A
Convertor

MMV11-A 4K 3:-0A/7-0A 0-6A/0-6A
Core Memory

REV11-C Boot- 1-0A/1-88A -

strap ROM and

Terminator

KWV11-A Real 1-75A/1-75A 0-01A/0-01A
Time Clock

Total current requirement for +5V supply = 11-15A/16-63A.
Total current requirement for +12V supply = 2-04A/2.21A.

TABLE V

Recommended Power Supply Characteristics

Qutput Load Reg. | Ripple | Case Size | Weight
Description Current Maximum and (in.) (1bs.)
(maximum) (NL-FL) Noise LxWxH
+5V 20-0A +0-1% 50MV P-P [ 6-5x4-5x 3:25
HE 252 (13 Mv
(110v AC RMS)
output) .
+12V 3-0A +0°1% 20MV P-P | 6-5x4 -5x 1.7
HE 212 (2MV RMS) 1-8
(110v AC
output)
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VI. Testing and Experimental Results

Introduction
The testing of the software during the development stage, the inte- |

gration of hardware and software, and the testing of the integrated sys-

tem are discussed in this chapter. The experimental setup used in both

the software development stage and the system integration stage is

explained, and the results of the experimentation and software developed

for testing are presented at the end of the chapter.

Software Debugging and Testing

The software algorithms that were designed and coded in Chapter IV
were debugged and tested on a PDP-11/03 minicomputer system. The config-
uration of the development system used is given in Figure 59. A three-
step approach was taken to develop software. First, the assembly language
code was assembled and syntax errors were removed. Second, the logical
J " errors detected during program execution were debugged. And, lastly, the
testing of software for computational accuracy was done. The flow diagram

given in Figure 60 shows the éomp]ete software development cycle.

DUAL
DISK
DRIVE
1
HIGH |
SPEED
LINE PDP-11/03 PUNCH
PRINTER iy 4
> LT33
TTY

Figure 59. Configuration of the Software Development System
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Figure 60. Software Development Cycle
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Testing of Software Modules. After the syntax/semantics and logical

error had been removed, the testing of each software module was under-
taken. The approach followed was to write FORTRAN simulated programs
which duplicated the computations performec by the software module being
tested. These simulation programs were executed on the CDC 6600. The
input data to the simulation programs was similar in format and value as
that used during the execution of the actual software module. The
results obtained from the simulation were compared with earlier results
from the system software and, in case of discrepancies, the system soft-
ware code was checked for computational errors. Appendix J gives the
simulation program used to check the subroutines FOURIE, PRSPEC, and
POLYN (Ref Chap IV). The test data used and the results obtained from
the simulation programs and system programs are also tabulated for com-
parison (Ref Appendix J). These results are discussed at the end of

this chapter.

Integration of Software and Hardware

The system integration was done once the software modules had been
developed and tested. The system integration phase required setting up
a bench model for MIBDAPS and testing the control execution. The timing
constraints for both data acquisition ;nd processing were also determined
at this stage.

Bench Model for MIBDAPS. The configuration of the bench model for

MIBDAPS is given in Figure 61. The function generator was used to simu-
late the vibration signal, and the square wave generator was used as the
system clock. The bench model was tested by running the contrel execu-

tive program which exercised the data acquisition and processing function
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Figure 61. Configuration of the Bench Model for MIBDAPS

112




_

of MIBDAPS. To check the results at different stages of acquisition and
processing, a decimal print-out subroutine called DECPR was included; this
subroutine was called by a macro called DECMAC. The source listing for
subroutines DECPR and macro DECMAC is included in Appendix I. The final

source listing for the control executive, which is given in Appendix H

: does not contain this print-out feature because during the actual opera-
‘ tion of MIBDAPS the intermediate results are not required to be printed.
The results of the control executive operation are discussed later in the

chapter.

Results of the Experimentation

The result obtained from testing individual software modules and the
operation of the control executive are presented in the following sections.

Software Test Results. The results of software testing are presented

as the root means square (RMS) error between the output from the simula-
tion program and the output from the actual software module. These
results are given in the tables in Appendix J. The RMS error criterion
was used because an estimate of the average error for each software
module was desired. The mean of average RMS error is .0387 (see Appen-
dix J). This error is acceptable because it is much less than the
specified tolerance of +10% (Ref 13).

Execution Results for Control Executive. The two aspects that are

important from the functional standpoint of MIBDAPS are the execution
time for the acqﬁisition and processing loop and the accuracy of time
computations.

The execution times for each software module were computed sepa-

rately (Ref Chap IV), and the total execution time for the control

13




executive was computed using the flow diagram given in Figure 62. The
loop that computes the power spectrum for a new set of data points takes
29-391 msec, and the time taken to compute the damage factor once the
average power spectrum has been computed (Ref Chap IV) is equal to 4.596
msec. Figure 63 shows the timing relationship between the actual acqui-
sition and processing time and the desired time as defined in the initial
requirement (Ref Chap I). The designed system, therefore, would update
the CDF versus frequency and temperature array every 298-48 msec. For a
new set of 32 data points, the power spectrum computation takes 29-36 msec;
the average over 10 such intervals would yield a good estimate of the
power spectral density of the input vibration signal. This estimate would
not be in error as compared with the average power spectral density obtained
if the power spectrum computed had taken less than 10 msec (as originally
stipulated). This statement is true because the input vibration signal

can be assumed to be wide-sense stationary (Ref 13), and the estimate of
the average power spectral density of such a signal depends on the number
of power spectrum samples that are averaged and not on the rate at which
these samples are available (Ref 6).

Interpreting the Output Array. The CDF versus frequency and tempera-

ture array would contain fractional binary numbers that have to be corre-
lated with actual physical data. An analysis of the scaling introduced
during data acquisition and processing of data is now discussed.

Assume that an accelerometer is used as the vibration signal sensor
which gives out a voltage of K1 for every 32 ft/sec? of acceleration.
(This acceleration is referred to as one "g.") Therefore, the input

voltage from the vibration signal is given by the equation:
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e(k) = K]G(k) . (51)

Here, G(k) is the acceleration encountered by the test piece.

The analog-to-digital convertor, ADV11-A, gives a 12-bit binary
representation of the input voltage. Since the computation carried out
in MIBDAPS assumes fractional numbers (Ref Chap IV), an input voltage of

one volt would be represented by the fraction K, which is defined below.

(007777)5 2-15)

K 52
2 5-12 =2
Therefore, each data point x(n) is given by the following equation:

x(k) = Kpe(k) (53)

The Fourier transformation of these data points yields the equiva-
lent value in the frequency domain. Using Eq (6 ), we get
N-1 nk
F(n) =% x(kW ', n=0,1, ... N-1 (54)
K=0
since the Fourier transformation module (subroutine FOURIE) scales the

data array to avoid memory overflow (Ref Chap IV). Therefore, the

resultant Fourier transformed array is given by the following:
Z(n) = (SFACTR)F(n) (55)

Here, SFACTR is the value by which the Fourier transformed array has been
scaled. (This value in subroutine FOURIE has been fixed equal to 3.)

The power spectrum subroutine PRSPEC introduces another scale
factor called CUMSF1 (Ref Chap IV). Also, since an average power spec-

trum density is computed, Eq (15) can be modified to give:

nz
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K'(n) = K3A(n) ' (56)
where K3 = CUMSF”; (57)
and A(n) = |z(n) | (58)

The cumulative dapmge factor computation introduced a scale factor
called CDSFi (here i =1, 2, ...11 ), and Eq (19) can be modified and

rewritten as:

CDF(n) = K4[A']'"® (59)
where K4 = E%%E;%gtz (60)

The equations derived here can be used to interpret the output array CDF

versus frequency and temperature.

Summary

In this chapter, the testing procedures used to check the software
modules as well as the integrated system were discussed. The experi-
mental results obtained for individual software modules and also for:
the overall system were presented. The scale factors introduced by each
software module and the equations necessary to interpret the output

array were also derived.
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VII. Recommendations and Conclusions

Introduction

At present, a bench model of MIBDAPS exists; the development of a
prototype model will require additional work. This effort would include
developing software to test the system's accuracy, configuring the hard-
ware in a mainframe, and incorporating the system error detection and
recovery features. This chapter presents recommendations for future

development and conclusions of the investigation.

Recommendations

The recommendations for future work are listed in the following
paragraphs:

- Software to test the performance and accuracy of results should
be developed. This software should include provisions to generate input
test signals which duplicate real world signals. The software should
gather memory overflow statistics for varying operating intervals.

These statistics would enable the determination of the fail-safe operat-
ing period.

- The software to output the CDF versus frequency and temperature
arrays, at the conclusion of the system operation, needs to be developed.
This software should either print the output arrays in a tabular form or
plot CDF versus frequency and temperature contours. (The availability
of a plotter is essential for the latter.)

- At present, the control executive includes a latent code which
needs to be activated in the future. This latent code has been written

to handle the acquisition of a temperature signal. It would also
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compute the average temperature du;ing the interval when the power
spectral density is being computed.

) - The ADC used in the bench model can handle 16 single-ended in- ;
puts. At present, only two inputs are being used for acquiring the analog
temperature and analog vibration signals. Therefore, similar data from-
seven additional test pieces can be acquired and processed. The possi-
bility of increasing the number of test pieces monitored by MIBDAPS should
be explored. Changes in existing control executive would be required for
handling the additional data.

- The need to minimize the existing MIBDAPS configuration is vital
to those applications where size and weight of MIBDAPS is critical (Ref
13). In case this venue is explored for developing the prototype, then
the following changes are suggested to the existing system:

a. Usé of static RAM in place of core memory would decrease the
weight and power requirement.

b. Use of custom-designed dual channel ADC would eliminate the
need for the DEC manufactured ADC board.

c. Design of a dedicated FFT hardwired module would decrease the

memory requirements for the software. The FFT integrated circuit chip

R5601*, manufactured by Reticon, would be a candidate device. If
designed, the FFT module should be bus-compatible with the LSI-11M
microcomputer and act as a DMA device.

- The DC power sense circuit which would sense DC supply variations
needs to be designed. At switch ON, if the DC supply is within limits,
this circuit would send a signal to the POWER OK interrupt generator.

*Ref Preliminary Data Sheet: Quad Chipped Transversal Fitter,

27 March 1978. . y
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In the event of power failure, this module would signal the POWER
FAIL interrupt generator circuit which, in turn, would interrupt the
processor (Ref Chap IV).

- An operational time recorder is required to keep track of the
time for which the system remains in operation. There should be
provisions to move thé current value in the buffer register (Figure 56)
to memory. This would enable the permanent record of total operational
time. There should also be provisions to move the previously stored
operational time back to the buffer register and recording the addi-
tional operational time. This would enable the system to record the
aggregate operational time even if the system is required to monitor
the same test piece at different intervails.

- The DC power backup for use in case of a main power failure
should also be designed for the prototype. The backup power should
maintain the system for the duration it takes to execute the power

fail service routine.

Conclusions ]

The bench model of MIBDAPS as implemented is the first step towards
developing a prototype system. The initial design and implementation of
different functfons of MIBDAPS Qere successfully carried out. The
choice of the LSI-11M microcomputer as the processor for MIBDAPS and
the development of software to acquire and process data fulfilled the
initial requirements placed on MIBDAPS (Ref Chap II).

The time constraints placed on the processing function of MIBDAPS

were exceeded because of the software implementation of the FFT module.

The individual software modules have been tested and found accurate
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within the bounds of a 16-bit machine. Therefore, the testing bf the
integrated system would be a fairly easy task. The incorporation of
the recommendation discussed earlier in this chapter would result in
a prototype model. This prototype system would then accomplish the
acquisition and processing of requisite data for damping the layer
breakout design as envisioned by AFFDL.

The computation accuracy of the data acquisition and processing
functions of the integrated system (MIBDAPS bench model) could not be
determined because of the shortage of time. But because the performance
of the individual software modules was acceptable, it is a fair assump-
tion that the integrated system would perform accurately, too.

The designed system in its present form shows the practicability
of using the state-of-the-art technology to accomplish the task of data
acquisition and processing.

The application of such a system is not limited to monitoring air-
craft hardware for vibration and temperature data only. It can be con-
figured to act as an environmental recorder where additional analog
signals need to be monitored and processed. This could be accomplished
by making appropriate changes in the software. In its present form,
the system is capable of computing the FFT and power spectrum of a
signal; therefore, this feature can be used for spectrum analysis func-
tions. This investigation has successfully demonstrated the feasibility

of developing a microcomputer based system from the conceptual phase to

a working bench-type model.
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APPENDIX A

Structured Analysis and Design Technique

This appendix (Ref 9) gives a short description of how structured
analysis (SA) models are constructed and explains the SA diagram con-
ventions used in this paper. It must be noted that the format used to
present the models in this paper is not standard according to the rules
developed by SofTech. The changes were made to present the models in a
manner which is more familiar to readers who have no experience with SA
models. Although the format is not that used by SofTech, the diagrams
of the models are organized and related according to SofTech procedures,
and the conventions used to construct individual diagrams are standard.

The structured analysis design technique (SADT) is a general purpose
top-down, modular technique for modeling functions. The functions may be
as varied as farming or manufacturing, but SA was developed primarily as
a software requirements definition and design tool. Although a complete
SA model actually consists of two models, one for activities and one for
data, this paper employs only activity models so the conventions described
here are those which apply to activity models.

An SA activity model consists of a series of diagrams which present
in progressively more detail the activities necessary to perform some
function. Each diagram represents a self-contained activity which is
part of the overall function. A diagram shows how its activity is decom-
posed into subactivities and how the subactivities are related to each
other. The subactivities in each diagram may then be decomposed on sep-
arate diagrams which leads to a tree structure of several levels. At the

top is one diagram which represents the whole function, and at the bottom
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Figure A-1 shows how an SA model would appear if all the diagrams
were on one page. Of course, in real SA diagrams only one level of decom-
position is shown, but the figure demonstrates the top-down nature of SA
and the way activities are grouped into modules. In the figure, as in
real models, one large box represents the whole function, and that is
decomposed into successive levels of related activities. The decomposi-
tion process continues until the desired amount of detail has been devel-
oped, which may require more levels than shown in Figure A-1. Another
thing to note is that while the figure shows only three subactivities in
each decomposition, any number from three to six is acceptable.

From Figure A-1, it should be apparent that SA diagrams are con-
structed with boxes and arrows. In an activity model, each box represents
an activity and is called a "node." Arrows represent data where the word
"data" is used in a very general sense to inciude anything that is not an
activity. Figure A-2 shows the different meanings given to arrows depend-
ing on which side of a box they enter or leave. An input is data that is
modified by the activity to produce an output. A control is data which
may or may not be converted into output, but which in some way restricts
the activity (starts or stops it, for example). Every box must have at
least one control arrow. A mechanism is a person or thing which acts as a
processor. Mechanism arrows are often omitted when the processor is the
same for all nodes. No limit is placed on the number of arrows which may
interface with a side of a box, but it is common practice to group related
types of data.

E Between boxes, arrows may split and join. In general, all branches
of an arrow contain the same data unless a branch is given a separate

label. This convention is summarized in Figure A-3, which also gives two
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forms of OR branches. The OR branches are used to show that data
follows one path or the other, but not both.

When two nodes are related so that the output of each is a control
for the other, a special two-way arrow may be used. Figure A-4 shows a
mutual control situation with a two-way arrow and the equivalent form
with normal allows. An arrow showing mutual control has two labels sepa-
rated by a slash; the first label identifies data going forward, and the
second is the feedback data.

A special numbering system is used to distinguish between nodes at
different levels and between nodes at the same level. In an activity
model, node numbers are prefixed with the letter "A." For preliminary
nodes, A is follows by a dash and a number. Node A-1 may be used to show
the model in relationship to other functions (Figure 3). Node A-§ serves
as a cover sheet for the model; the node is simply a box showing inputs,
outputs, controls, and mechanisms for the function which the model is to
describe (Figure 4). Decomposition begins in node Ap. Note in Figure 5
that each box of the decomposition is numbered; the boxes on all decom-
position diagrams are numbered, and this number is used to form the node
number. For the activities subordinated to node A@, the node number is
simply the box number on A@, Process Data in Figure 15, for example,
becomes node A3. From this level on, the node number is a combination of
the node number of the parent diagram and the box number of the subordi-
nate. As an example, the decomposition of Process Data is given in Fig-
ure 26. Box 2, Compute Fourier Transform, is assigned the node number A32.
Subordinates of A32, if diagrammed, would have the numbers A321, A322, and

so on through the last box number.
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A special code called an ICOM code (input, control, output, mechan-
ism) is used to identify arrows. The code contains a number, a letter,

and another number (Figure A-5).

-+ +-nnbXc

number Tletter number

-+nn = node identification ¢ = number to differen-
tiate between arrows
X = type of signal of same type
b = box identifier

Figure A-5. ICOM Code

The first number has two parts: the digit immediately preceeding the
letter is that of source or destination box, and the digits preceeding
this number identify the node on which the box is located. The letter
refers to the type of arrow: I for input, C for control, O for output,
and M for mechanism. The last number distinguishes between arrows of the
same type on a box. One exception to the rule is node AP where the ICOM
code has no number preceeding the letter; this has been done to differen-
tiate between signals within the system and signals which are input, out-
put, or control from the outside world. If any signal that appears on
node AP is also present on a subordinate node, the identifying ICOM code
remains unchanged.

A few important points about the text describing each SA diagram

must be included here. The text is intended to point out the highlights
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of a diagram and not repeat all the details. As an aid to following
the discussion, the ICOM code is included in parenthesis following any
reference to specific diagram features. Finally, the text describing

the diagrams in this paper includes I/0 specifications, which are not a

standard SA practice.
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APPENDIX B

Instruction Timing

LSI-11M Instruction Execution Time (Ref 10)

The execution time for an instruction depends on the instruction
itself, the modes of addressing used, and the type of memory referenced.
In most cases, the instruction execution time is the sum of a basic time,

a source address (SRC) time, and a destination address (DST) time.

Instr Time = Basic Time + SRC Time + DST Time

(Basic Time = Fetch Time + Decode Time + Execute Time)

Some of the instructions require only some of these times. All timing
information is in microseconds, unless otherwise noted. Times are typi-
cal; processing timing can vary +20%.

The following talbes give the basic time for the LSI-11M instruc-

tion set.
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TABLE B-I

Source and Destination Times

SRC Time SRC Time DST Time DST Time
Mode (Word) (Byte) (Word) (Byte)
0 p p g p
1 1.P5us 1.P5us 1.3fus 1.30us
2 1.55 1.88 1.55 1.80
3 2.55 2.55 2.55 2.55
4 1.8¢ 1.8p* 1.80 1.8p*
5 3.35 3.35 3.35 3.35
6 2.85 2.85 2.85 2.85
7 4.35 4.35 4.35 4.35
*If R6 or R7 is used with Mode 4 and Byte operation, add n.ZSﬁs to
SRC time 1nd P.25us to %ST time.
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TABLE B-II

Basic Time (DOP)

R T I - S
Instruction
MOV, ADD 1.75us 2.55us 4.55us 4.55us
MOVB 2.25(1) | 4.95(1) | 4.55(2) | 5.55(2)
SUB 2.89 2.80 4.80 4.89
CMP, BIT 3.95 3.05 3.95 3.5
CMPB, BITB 2.55 3.55 3.80 2.80
BIC 2.89 2.80 2.89 2.80
BIS 3.95 3.95 4.3p 4.3p
BICB, BISB 2.80 3.80 5.55(2) | 6.55(2)
XOR 2.39 - 4.95 -

(1) Add 0.25us if effective SRC byte opera
(2) Add 0.25ys if DST byte address is odd.

nd is negati
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TABLE B-III:
Basic Time (SOP)

Single
Operand DM@ DM1-7
Instruction
CLR, INC, DEC, SWAB 2.0gus 4.gsus
ADC 2.3 3.85
SBC 2.309(5) 3.p5(7)
COM, NEG, ROL, ASL, ROR, ASR, CLRB, SXT | 2.30 4.3p
ST 2.30(]) 2.3n(3)
INCB 9 55 5.85
ADCB 2.3@%2%(9) 3.80(;)(10)
DECB 2.55 5.05
SBCB 2.3p(5)(11) 3,8g28;(10)
COMB 2.30 5.3p(3)
NEGB 2.8p(2) 5.3p(3) 1
ROLB, ASLB, RORB, ASRB 3.55 5.55(4) |
TSTB 3.95 3.95
MFPS (1@67DD) 3.95 4.3p(3)
MTPS (10645S5)* 3.55 4.95
JMP 10.44 2.50
JRS 10.54 5.0

*For MTPS, use

(1) Add @.25us if register
(2) Add @.25us if register
(3) Add @.25us if DST byte
(4) Add @.25us if DST byte
(5) Add @.25us if C-bit is
(6) Add 1.5@us if C-bit is
(7) Add 1.75ps if C-bit is
(8) Add 2.0gus if C-bit is
(9) Add @.25ps if C-bit is
(10) Add @.25us if C-bit is
(11) Add @.25us if C-bit is

byte DST times, not SRC times.

byte operand = 377 octal.
byte operand = 0.

address is odd.

address is even.

set.

set.

set.

set.

set and register byte operand = 3778'
set and DST byte address is odd.
set and register byte operand = 0.
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TABLE B-IV

Miscellaneous Instruction

Instruction Basic Time
SOB (BRANCH) 3.95us
SOB (NO BRANCH) 2.55
SET CC 2.95
CLEAR CC ~ 2.39
NOP 2.3p
RTS 3.30
MARK 4.19
RTI 5.60(1)
RTT 5.60(2)
TRAP, EMT, IOT, BPT 19.15
WAIT 2.75(1)

RESET

3.25+1PusINIT+90us

(1) Add P.5@us if NEW PS has bit 4 (T-bit) set.
(2) Add @.25us if NEW PS has bit 4 (T-bit) set.
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TABLE B-V

Basic Time (Branch)

N-bit is set.

V-bit is clear.
(6) Add p.p5us if Z-bit is clear.

. Branch (1) No
nstruction Branch Branch
1 BR .. 2.80 -
BNE, BEQ, BPL, BMI, BVC, BVS, BCC/BLO, BCS/BHAS | 3.P5 2.00
BGE 3.3p(2) | 2.25(2)
BLT 3.3p(3) | 2.25(3)
BGT 3.80(2) | 2.pp(4)
BLE 3.95(5) | 2.75(3)
BHI 3.55 2.pp(6)
BLOS 3.p5(6) | 2.5p
(1) Add p.25us if offset is negative.
(2) Add 0.25us if N-bit is set.
(3) Add 0.25us if V-bit is clear.

(4) If Z-bit clear: add P.75us if N-bit is clear; add 1.pfus if
(5) If Z-bit clear: add B.75us if V-bit is set; add 1.PPus if
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TABLE B-VI
Basic Time (EIS)

EIS Instruction* Basic Time

MUL 16.70us worst case

DIV . 23.40ys worst case

ASH (RIGHT) 5.80us + 0.25us per shift
ASH (LEFT) 5.55us + f.75us per shift
ASHC (RIGHT) 6.60us + 0.25ys per shift
ASHC (LEFT) 1 6.35us + B.75us per shift

*Use word DST times, not SRC times.

TABLE B-VII
Basic Time (FIS)*

FIS Instruction Basi; Time
FADD 20.15 typical
22.80 worst case
FSUB 2.4 typical
23.P0 worst case
FMUL 50.25 typical
69.4P worst case
FDIV 69.490 typical
70.1P worst case

*Inst Time (FIS) = Basic Time + Shift Time for Binary Points +
Shift Time for normalization.

Binary Point Alignment: @.25us per shift.

Normalization: f.75us per shift.
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APPENDIX C

Theoretical Development of a Base-2 FFT Algorithm

Development of the Cooley-Tukey FFT Algorithm (Ref 2:257-265)

The DFT of N-data can be written as:

N“‘] nk
X(n) = x(k)W " ', n=0,1, ..., N-1 (c-1)
k=0
where
WK < oexp 220K 0,1, L N1, k=0, 1, ... N

The direct evaluation of Eq (C-1) requires the solution of the following

set of equations.

x(0)" = WOx(0) + Wox(1) + WOx(2) . . . + WOx(N-1)
X(1) = Wx(0) + W'x(1) + Wox(w) . . . + W¥T x(N-1)
X(2) = W0x(0) + wox(1) + W*x(2) . . . + WNZ(N-1)
X(3) = W0x(0) + Wx(1) + Whx(2) . . . + wN3x(n-1)

2N-2

X(N-1) = W0x(0) + W¥Tx(1) + weN"2(2) . . . wIN-TIN=(N-T), (i y)

The above set of equations can also be written in the matrix form given

below:
[ xo)] W0 w0 WO oW Tlxco) |
x()| (W0 W oW ... LW X(1)
x2)| (W W W . weN-2 X(2)
x(3)| =[w0 w3 Wb . w3 X(3)
. N-1)N-(N-1
xocn| oW vz w(N=TIN=( )d.’.‘(""b

4




Therefore, in order to compute a DFT of N-data points,'we have to solve

the matrix given by Eq (C-2), all terms of this matrix being complex:

[X(n)1 = [W"*Ix(Kk)] (c-2)

2

This direct evaluation requires N° complex multiplications and N(N-1)

complex additions (Ref-3:151). The FFT algorithm developed by Cooley

and Tukey (Ref 3:151) reduces the number of complex multiplications -

and additions, and computer execution of this algorithm results in faster

computation time as compared with the evaluation of Eq (C-1) (Ref 3:151).
In case N is limited to a power of 2 (i.e., N = 2p), it is possible

to express k and n in terms of the index p, as a binary weighted series:

= p-1 p-2 1
k = kp_]z + kp-22 # aw k]2 + ko (C-3)
- p-1 p-2 1 .
n= "p-12 + "p-22 + ... n]2 +ng (C-4)
Here kp_], kp-Z’ .-+ kg and Np-1? Mp_2» -~ Mg can take a value.of either

@or 1. In this
indices in terms
ation of storage

can be rewritten

X(np_], Mogs -+ ng) = E

way, we can express all the N possible values of the
of a binary number and, hence, facilitate the consider-
in the digital computer. Using this convention, Eq (C-1)

in the following form:

k Kl ko) X

p-2°

n(ky_12P7 + k2P 4 L k) (c-5)

If the first term of the exponential for Eq (C-3) is expanded, Eq (C-6)

is the resulting equation:
: 1 p-1
-2 p-1 n,2 k_-42 +
p-1 p-1,  ,p-1 . .n 2P%k 2P0+ wMe %pa
w"kp-12 i, wnp_lz kp_]2 + W p-2 p-1
p-1
w"okp-l2 (C-6)
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This can be simplified to give Eq (C-7

unity. This enables

nk Zp"l

W p-1

the innermost sume of Eq (C-5) over kp

Fourier transform:

x](kp

X](no, kp_2 s ko) = E

p-1=0

Unlike the complete Fourier transform,
numbers only, each calculated from two
Subsequent sums proceeding outwards in

a generalized recursive expression for

2971 4+ g

q-
q-1 q-22

The successive sums are evaluated acco

k k

* g-1° p-q-

Xq("O’ Ny .- p-q-1°

i xq_](no, My oeee Noipe kp
p-q=0

q-1 - »9-2
gWgas” E gl ke Wy

‘here

q=1,2,3acnp

1

) because all other terms go to

p-1
= W"Xp-12 (C-7)

-1 to be written as a shorter

-1

n.k_ 2P
0"p-1

> Kpgs ee koW (c-8)

this sum consists of a set of N
of the original data points.
Eq (C-5) can be calculated using

the exponential term:

2, i no)kp-qu-q
(C-9)
rding to the equation
9 e ko) =
g " ko) X
)kP'qu-q (C-10)
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To apply this recursive formulae, the initial set of data, x(k), is

first made equal to xo(k) so that q =1 , thus

x(k) = x(kp_]. kp_2 e ko) = xo(kp_], kp_2 S ko) (c-1)

This leads to the derivation of succeeding arrays in xq so that the
final array will be in X(n). Equation (C-12) given below shows that

the elements of X(n) will be calculated in incorrect order, so some sort
of shuffling is required to get the result in correct order. (This
point is clarified when the algorithm for a 16-poinf DFT using this FFT

method is worked.)

X(n (C-12)

p-1? Mpg == ng) = xp(no, cee Moo np_])

A 16-Point FFT Algorithm

In case the number of data points to be transferred is 16, the value
of P = 4. Therefore, k,n can be expressed as 4-bit binary numbers as

given in the following equations:

=~
n

8k3 + 4k2 ¥ 2k] + k0 (C-13)

=]
"

8n3 + 4n2 + 2n] +ng (C-14)

Using Egs (C-13) and (C-14), Eq (C-5) can be written as
1 z'I 5
0=0" *1=0 &
l"n(8k3 + 4k

)
2=0° K30
2 * 2y + ky) (C-15)

X(n3, Ny, Ny, no) =z

: x(k3, k2’ k], ko) X

Using Eqs (C-7) and (C-8), the innermost summation can be written as
8k3n0

3=0
144
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Subsequent summations can be written using Eqs (C-9) and (C-10):
4k, (2n,+ n,)
_ 2V "o
xz(no, n k], ko) = i x](no, k2' k], ko)w (C-17)

2k](4n2 + 2n] + no)

x3(no, Ny Ny ko) = ¥ xz(no, nys H,ko)w (C-18)

wk0(8n3 +4n, + 2ny + no)

X(n3, Nos Nys no) = x4(n0, Nys Nos n3) (c-20)

| The set of equations that result when summations of Egs (C-16), (C-17),
(C-18), (C-19), and (C-20) are expanded is given in tables C-I, C-II,
C-III, C-1IV, and C-V, respectively.

Table C-V shows that the final array for X(n) is in bit-reversed

order; therefore, to get the result in order, a post-shuffling needs to

be done. Another way to overcome this problem is to bit invert the input

array [xo(k)], and the output will automatically be in order (Ref 3:178).

The signal flow graph for the 16-point FFT without bit inverting the

data is shown in Figure C-1, and Figure C-2 shows the signal flow graph

for data which has been bit inverted before being transformed.
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TABLE C-I

Expansion Results of Eq (C-16)

x,(0, 0, 0, 0) = x5(0, 0, 0, ol + xy(15 0, 0, o)l
x,(0, 0, 0, 1) = x,(0, 0, 0, w0 + xo(15 0, 0, 1)
x,(0, 0, 1, 0) = x50, 0, 1, 0 + x,(1, 0, 1, 0)u°
x,(0, 0, 1, 1) = x4(0, 0, 1, W0 + xo(15 0, 1, 10
x,(0, 1, 0, 0) = x50, 1, 0, 0)® + x,(1, 1, 0, 0)u°
x,(0, 1, 0, 1) = x,(0, 1, 0, D+ x(1, 1, 0, WO
x,(0, 1, 1, 0) = x50, 1, 1, o + xo(Ts 1. 1, )0
x(0, 1, 1, 1) = x,(0, 1, 1, w0 + sylts 35 1, 10
%(1, 0, 0, 0) = x,(0, 0, 0, ol + xy(1» 0, 0, 0)we
xy(1, 0, 0, 1) = x5(0, 0, 0, W + x,(1, 0, 0, 1)
xy(1, 0, 1, 0) = x5(0, 0, 1, ol + xo(1s 0, 1, o)
xy (1, 0, 1, 1) = x,(0, 0, 1, w0 + xp(15 0, 1, W
x,(1, 1, 0, 0) = x,(0, 1, 0, 0 + x,(1, 1, 0, O)W®
X (1 1, 0, 1) = x0(0, 1, 0, 1W® + xo(1, 1, 0, 1WE
xy (1, 1, 1, 0) = x5(0, 1, 1, 0 + x,(1, 1, 1, OB
x (1, 1, 1, 1) = x.(0, 1, 1, 10 + x.(1, 1, 1, 1)W®
1 0(0s | 0
146
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TABLE C-II

Expansion Results of Eq (C-17)
xp(0 0, 0, 0) = x;(0, 0, 0, O’ + x,(0, 1, 0, O’
Xp(0s 0, 0, 1) = (0, 0, 0, DW® + x,(0, 1, 0, 1O
xp(0, 0, 1, 0) = x;(0, 0, 1, OW® + x,(0, 1, 1, 0)u°
x(0, 0, 1, 1) = x,(0, 0, 1, VW + (0, 1, 1, 1’
x5(0, 1, 0, 0) = x;(0, 0, 0, O)’ + (0, 1, 0, o
xp(0, 1, 0, 1) = x,(0, 0, 0, VW + x,(0, 1, 0, W
xp(0, 1, 1, 0) = x,(0, 0, 1, OWC + x,(0, 1, 1, OJW®
xp(0, 1, 1, 1) = x(0, 0, 1, W0 + x; (0, 1, 1, )P
xp(1, 0, 0, 0) = x;(1, 0, 0, O’ + x, (1, 1, 0, O)u*
xp(1, 0, 0, 1) = x(1, 0, 0, W + x (1, 1, 0, '
xp(1, 0, 1, 0) = (1, 0, 1, O + (1, 1, 1, O}W'*
X1, 0, 1, 1) = x (1, 0, 1, D0 + x (1, 1, 1, 1!
xp(1, 1, 0, 0) = x,(1, 0, 0, O + x,(1, 1, 0, Ou'?
xp(1, 1, 0, 1) = x;(1, 0, 0, D + x,(1, 1, 0, w2
xp(1, 1, 1,70) = x(1, 0, T, O + x (1, 1, 1, O)'Z
xp(1, 1, 1, 1) = x(1, 0, 1, D0 + (1, 1, 1, DW'2
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TABLE C-III

Expansion Result of Eq (C-18)

0)
1)
0)
1)
0)
1)
0)
1)
0)
1)
0)
1)
0)
1)
0)
1)

X5 (0,
X5 (0,
x5 (0,
X, (0,
x5 (0,
X5 (0,
x5 (0,
x5(0,
xo(1,
x5 (1,
xo(1,
X5 (1,
x5(1,
xo(1,
x5(1,
Xo(1,

- v ] - - -

- . - - - - -

o [ o> o o o o o o o o o o o o o o
L]

-

ol + x, (0,
W+ x,(0,
o + x,(0,
1)w° + x2(0,
O)WO + x2(0,
D@ + %, (0,
O)W0 + x2(0,
1)w° + x2(0,
O)Np + xz(],
1)N0 + xz(T,
ol + x,(1,
0+ x(1,
ol + x,(1,
D + %, (1,
O + x,(1,
D + x,(1,

— — ond)
Tl . ]

o
o
o)
Wi
0)W
)W
o2
12
0)W

N

0yl
1yl
o)

s

ol

'I)NM
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TABLE C-IV

Expansion Result of Eq (C-19)

—t
-

x3(0,
x3(0,
x3(0,
x3(0,
x3(0,
x3(0,
x3(0,
x3(0,
x3(1,
x3(1,
x3(T,
x3(1,

x3(1,
x3(1,

o)wp +
ow° +
o)w0 +
o)u? +
0)w?
0)w°

ol +

o)l +

0

+

+

0)W

0)w° +
0wl
0)w°
, 0)W°
0)w0 +
o)w?

o)Wl +

x3(0,
x3(0,
x3(0,
x3(0,
x3(0,
x3(0,
x3(0,
x5(0,
x3(1,
x3(1,
x3(1,
x3(1,
x3(1,
x3(1,
x3(1,

33(1.

N
e
1wt
S
)W
1910
1wl
1yl
W'
1w
W
E
1w
1y
1w
115
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TABLE C-V

Expansion Result of Eq (C-20)

x(0, 0, 0, 0) = x,(0, 0, 0, 0)
x(0, 0, 0, 1) = x,(1, 0, 0, 0)
x(0, 0, 1, 0) = x,(0, 1, 0, 0)
x(0, 0, 1, 1) = x,(1, 1, 0, 0)

x(0, 1, 0 0, 1, 0)
x(0, 1, 0, 1) = x4('l, g, 1, 0)
x(0, 1, 1, 0) = x,(0, 1, 1, 0)
x(0, 1, 1, 1) = x,(1, 1, 1, 0)

» 0) = x,(0,

x(1, 0, 0, 0) = x4(0, 0, 0, 1)
x(1,,0, 0, 1) = x4(1, 0, 6, 1)
x(1, 0, 1, 0) = x4(0, 1, @5 1)
A0 1 1) = 41, 1,0, W)

%(}, 1, 0, 0} = x4(0, 0 1. 1)
x(1, 1, 0, 1) = x4(1, 0, 1, 1)
x(1, 1, 1, 0) = x4(0, ' W)
x(1, 1, 1, 1) = x4(1, | O P
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Figure C-1. Signal Flow Graph Without Bit-Inversion of Data
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Figure C-2. Signal Flow Graph With Bit-Inversion of Data
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APPENDIX D
Calculation of DFT of Real Data

Consider a real 2N point sequence x(k); the DFT of this sequence can

be carried out using Eq (D-1):

k 2N-1 nk
X(n) =L x(kpy n=0,1, ... 2N (0-1)
k=0
nk .
= e ik n=0, 1 ... 2N (0-2)

Equation (D-1) can be rewritten in the following form:

N-1 2rn N-1 (2r + 1)n

X(n) = x(2r)W +Z x(2r + 1)W (D-3)
r=0 N r=0 2N
N-1 N-1

X(n) = ¢ x(2r) wﬁ" suy [z x(2e) W (D-4)
r=0 r-0

Equation (D-4) has resulted by splitting x(k) in (D-1) into even and

odd sequences as shown in Equations (D-5) and D-6) respectively.

y(r) = x(2r) even sequence (D-5)

z(r) = x(2r+1) odd sequence (D-6)

A complex sequence V(r) is now defined such that the even points of x(k)
[Equation (D-5)] becomes the real part of v(r) and the odd point of x(k)

[Equation (D-6)] becomes the imaginary part of v(r).

v(ir) = y(r) + jz(r) (0-7)
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E An N-point DFT of V(r) yields V(n), which is given in Eq (D-8):
N-1
V(n) = ¢ v(r)w;n (D-8)
: r=0
or
N-1 N-1
V(n) = ¢ y(r)w;" + jI z(r)w;" (D-9)
r=0 r=0
or
V(n) = Y(n) +jZ(n) (D-10)

The DFT of real and imaginary parts can be written in terms of V(n) as

(Ref 5:319).

Y(n) = 1/2[V(n) + V*(N-n)] (D-11)
and
Z(n) = 1/23[V(n) - V*(N-n)] (0-12)
’ here
V*(N-n) = Y(N-n) - JZ(N-n) (D-13)

The result obtained in Eqs (D-11) and (D-12) can be used to rewrite

Eq (D-4) as:

X(n) = Y(n) + WpyZ(n) | | (D-14)
or

X(n) = 1/2[V(n) + V*(N-n)] + 1/2j[V(n) - V*(N-n)] (D-15)

This equation is true for 0<ng<N. [Note that V(N) = V(0) 1.

(Ref 5:320-321)
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APPENDIX E

LSI-11 ASSEMBLY LANGUAGE CODE FOR
FFT SUBROUTINE (FOURIE) AND
EXECUTION TIME COMPUTATION
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START

=/ POST-PROCESSING
EXECUTION TIME

» (5-2553 MSEC)
BIT INVERSION
TIME (5-775 MSEC) |

1 i

FIRST PASS
EXECUTION TIME
(2-1966 MSEC)

i

SECOND PASS Total Execution
EXECUTION TIME Time = 27-046 msec.

(4-668 MSEC)

1 -
THIRD PASS

: EXECUTION TIME
(4-589 MSEC)

: |
FOURTH PASS |

EXECUTION TIME 5
(4-562 MSEC)

NOTE: These execution times are
based on the instruction execu-
tion times of LSI-11M (Ref Appen-
dix B).

Figure E-1. Execution Time for Subroutine FOURIE
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LSI-11 ASSEMBLY LANGUAGE CODE FOR
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APPENDIX F

LSI-11 Assembly Language Code for Power Spectrum

Subroutine (PRSPEC) and Execution Time Computation
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AD-AO64 728
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AIR FORCE INST OF TECH WRIGHT-PATTERSON AFB OHIO SCH-=ETC F/6 9/2
MICROPROCESSOR BASED DATA ACQUISITION AND PROCESSING SYSTEM.(U)
DEC 78 S IFTEKHAR

AFIT/GE/EE/T8-29 NL
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NOTE: These execution times are based
on the instruction execution times of
LSI-11M (Ref Appendix B).

START

DETERMINE OUTPUT
ARRAY AND
SCALE IT

(580-5 uSEC)

COMPUTE DAMAGE FACTOR
AND UPDATE OUTPUT ARRAY
(3-364 MSEC)

Total Execution Time = 3:964 msec.

Figure F-1. Execution Time for Subroutine PRSPEC
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APPENDIX G

LSI-11 ASSEMBLY LANGUAGE CODE FOR
CDF SUBROUTINE (POLYN) AND
EXECUTION TIME COMPUTATION
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NOTE: These execution times are
based on the instruction execution
times of LSI-11M (Ref Appendix B).

START

EXECUTION TIME TO
SCALE OUTPUT ARRAY
(605 uSEC)

EXECUTION TIME TO
COMPUTE POWER SPECTRUM
(760-45 MSEC)

Total Execution Time = 1-3655 msec.

Figure G-1. Execution Time for Subroutine POLYN
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APPENDIX H

LSI-11 ASSEMBLY LANGUAGE CODE
FOR CONTROL EXECUTIVE (EXEC)
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APPENDIX H
LSI-11 Assembly Language Code

for Control Executive (EXEC)
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APPENDIX I

LSI-11 ASSEMBLY LANGUAGE CODE FOR
DECIMAL AND OCTAL PRINTOUT (DECPR)
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APPENDIX J

SIMULATION PROGRAM FOR TESTING COMPUTATIONAL

ACCURACY OF SOFTWARE MODULES AND TEST RESULTS




APPENDIX J

Simulation Program for Testing Computational
Accuracy of Software Hodules and Test Results

Source Code for Test Proaram (TTFT)

PPSIIPPIVOPBIIBBAISNINAIBANNNIBYUSP LV UL IISIE
® THMIS PROSRAM IS USED TO TEST THE ZIMIJTATI- ®
® ONAL ACCURACY OF NIFFFRENT MOOULES OF THE .
® MIZRIIROZESSIP SASED FATA ACQUISITION ANO »
® 220CFSSING SYSTSM (MIPDAPS) . THE POGRAM »
® ACCE?TS 32 0cCIMAL DAYTA VALUES AN) PIRFOR- *
®* MS THE <AME PPOTESSING OF NATA AS 4I3DAPS, *
% SINNZE THIS 2ROGRAM WAS EZXECUTED ON A CDC- *
® 5600,WHIZH IS & 60-PIT MACHINE THEREFORE .
® THE COMFUTATIONAL RESULTS WOULD 3E MIRE ®
* ACCURATE AS COMPARED WITH THE RESJLTS 0/T=
L
.
]
L 2
L g
»
L
.

AINED OMN PDF-11/03, WUHICH IS A 15-8IT MA-
CHINE,.®
THT RESULTS PRINTER OUT 8Y THIS PROGRA- ¢
M ARE IN NECIMAL AS WELL AS IN OCTAL FORM- @
AT. THIS HAS 9FEN DOME FOR EASY COYPARISON *
WITH THE RESULT FROM ASSEMILY LANSJASE .
SOFTWARF WRITTEN FOR rIBDAPS, »
.

R Yy O R P P T E P YN

OOOO0OOCOOOOOOOOOO0OO0O000

: PROGRAY TFFT (INPUT,QUTPUT,TAPES=JUTPJT,TAFEG=INPUT)
NDIMENSION IPDATA(32),PRS(12)
DIMENSIIN F(22),PF(32),CCF(32)
OIMENSION CONF(32)
DIMENS1IN EKkR1(32),ERR2(10),ERR3I(10)
DIMENSICN LNATA(32),CF(12)
DIMENSIIN X(32)
COMPLEX WATA(32)
WRITE(5,150)
150 FCRMAT (1HY1)
DO hH44 I=1. 29.“
PRINT® ™ *
PRINT®*," TINPUT FOUR CATA VALUES:eeeee™
PRINT® ,* =
REAN®, X(I),X(I+1),X(142),X(I*3)
X(I)=X(I)*.99%99 & X(I+#1)=X(I+1)*.993999 § X(I+2)=X([+2)*.299399
X(I+3)=X(I+3)*,999999
bbb CONTINUE
M=32
WRITE(5,222)
PRINT®, *
: WRITE(5,232)
222 FOIMAT (10X, 30FTASLE JELCW SHOWS 32 IEAL DBATA)
232 FOIMAT (10X, J2HPOINTS WHMICH ARE FED I[NV AS INPUT)
PRINT®,™ *
PRINT®,* *
WRITE(5,121)
HRITE(S,131) -
121 FOSMAT (3X,11HCATA POINTS,19X,11HOATA POINTS)
131 FOQHAT(?X,lUHIN NECIMAL 4 20X, 8HIN OCTAL)
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252
262

272

111

275

277

e

WRITE (5,242)
FORMAT (3, 3HOCD,9X uuevru.gx.suoao.~x.uueveu;

CALL OPRINT (X,M)

00 10 I=1,32

ROATACT) =CHPLX(X(I)50.0)

PRINT®,* *

PRINT® =

WRITE(S, 262)

WRITE(5,262) °

FOIMAT (IX,3LHTASLE AELOW SHOWS T4E SOMPLEX DATA)
FORMAT (EXy36HARRAY WHICH IS FED TO FFT SUTROUTINE)
PRINT®,* *

WRITE(5,121) § WRITE(S,131)

WRITEZ(5,272)

FORMAT (7%, 4 HREAL y9X, 4HIMAG ;9 X, HREAL y 5X s 4 HTMAG)
CALL OPRINT (RCATA,64)

N=5 § XI=1.

CALL FFT(RDATA,N,XI)

00 111 J=1,32

READ®,F(J)

CONTINUE

00 276 I=1,16

CONF(2*I-1) =REAL (RDATA(I))

CONF (2*T)=AIMAS(RDATA(I))

CONTINUE

no 277 J=1,32

ERRL(J) = (CONF () =F (J))**2

CONTINUE

PRINT# = * . v o i
PRINT® = =

CALL OPRINT1(ROATA,32)

PRINT® ,~ *

CALL OPRINT1(F,32)

PRINT® ™ =

PRINT®,* *

CALL OPRINT1(ERP1,32)

CALL ORSPES (RCATA, PRS, 32, ERR2)

CALL POLY(PRS,CFy11,ERR3)

D0 777 I=1,32

SUM1=SUY1+ERR1(T)

CONTINUE

PRINT® ,* *

PRINT® = * -
PRINT® ,* RMS ERROR FOR FFT=* ,(SUM1/32,)%*,5 ;
00 888 I=1,10

SUM2=SUM2+ERR2(T)

SUM3=SU4T+ERR3(T)

CONTINUE

PRINT® ,* =

PRINT® 4 =

PRINT®,"RMS ERROR FOR PWRSPEC= ™y (SJ42/10.)%%,5
PRINT® " *

PRINT® = *

PRINT®," P¥S ERROR FOR COF= ", (SUN3/10.)%%.8
STOP

END
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Source Code for Power Spectrum Subroutine .

SUBROUTINE PRSPEC(RDATA,PRS.LEN, ERR2)
NIMENSIIN PRS(11)
DIMENSIIN PF(10),ERR2(10)
COMPLEX IDATA (LEN)
D0 10 K=1,11 ;
PRS (X)) =(REAL (RNATA(K)))**#2,4 (AIMAG(NATA(K)))¥e 2,
10 COMTINUE
DO 333 J=1,10 _
333 READ*, 2F(J)
CONTINUE
DO 44l J=1,10
(YA ERR2(J) = (PRS () -PF(J)) 432
CGNTINUE
PRINT®,* *
PRINT® ,» =
CALL OPIINT1(FRS,10)
PRINT®,= *
PRINT® ,* *
CALL DOTNT1(PF,10)
PRINT®," =
PRINT® ,= *
CALL OPIINT1(ERR2,10) -
RETURN & END
SUBROUTINE OPRINTL(X,NP)
DIMENSION X (NP)
PRINT® ,* *
PRINTS 4= *
PRINT#,* =
DO 10 I=1,NP
T1=X(I)*2.%%4§
WRITE(5,100) X(I),I1
10 CONTINUE
100  FORMAT (3Xy613.4,4X,06) , .
RETURN
END

Source Code for CDF Subroutine

SUSROUTINE POLY (PRS,CF,NP,ERR3)
DIMENSIIN PRS(N®),CF(NP),CCF(10)
DIMENSIIN ERR2(10)
00 10 K=1,%P
CF(K)=PRS(KI**1,6

10  CONTINUE
50 555 J=1,10

555  REAN*, CCF(J)
CCNTINVE
00 666 "J=1,10

665 ERR3I(J)=(CF (JI=CCF (J)I**2
CCNTINUE
PRINT® ,= =
PRINT® ;= =
CALL OPRINT1(CF,10)
PRINTS® ,= =
PRINT® ,» =
CALL OPRINT1(CCF,10)
PPINT® = =
PRINTS® ,» =
CALL OPRINT1(ERR3,10)
RETURN 3 END .
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Source Code for FFT Subroutine

SURROUTINE FFT(X,MyXI) § COMPLEX X(1),9,W,T $ N=2%*4 § NV2=N/2
NM1=N=-1 § J=1 ¢ PI=2,14159265350698 § 0) 7 I=1,NM1

IF(IGEed) GO TO 5 & T=X(J) $ X(J)=x(I) $ X(I) =T

K = Nv2

IF(K.GEsJ) GO TO 7 8§ JU=J-K $ X=X/2 ¢ GI TO 6

J=J+K & D0 20 L=1,M ¢ LE=2%*L S LEL=-EZ2 ¢ U=(1,,0,)

W=CEX2 (CMPLX(0.y=XI*°I/LE1)) $ 0I 20 J=1,LEL ¢ DO 10 IzJyNyLE
IP=T¢LEL § T=XUIP)*U § X(IP)=X(I)~T

10 XCtI) = x{(I) + 7T

20 U=U*W 3 IF(XTI.GT.0,) RETURN $ DO 30 [=1,N

30 X(I)=X(I)/N & RETURN § END

N W

Source Code for Printing Out Test Results.

SUSROUTINE OPRINTIX,NP)
DIMENSION X (NF)

PRINT® = *

PRINT® = =

DO 10 I=1,NP,2

T1=X(I)*2,.,%%15
I2=X(1¢1)%2,%%15

WRITE (5,100) X(I),X(I+1),I1,1I2

10
100

CONTINUE

FORMAT (3X 4,261 2ol ,ybXy2(3X,06))
RETURN 3 ENO

SU2POUTINF OPRINT1 (X, NP)
DIMENSION X(NP)

PRINTS ,* *

PRINT® ,= =

PRINT® ,= *

D0 10 I=1i,NP
I1=X(1)*2,.,%%48
WRITE(S,100) X(I),I1
CONTINUE

FORMAT (4X,G13.k,uX,06)

RETURN

END -
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APPENDIX K

Polynomial Curve Fitting Subroutine

Polynomial Curve Fitting Subroutine (PLSCF)(Ref 15)

Identification:

PLSCF Polynomial Least Squares Curve Fit
CDC 6600 FORTRAN Subroutine
Purpose. PLSCF will compute the best fitting polynomial p(x) to a
discrete set of data points (xj, y;), =1, NP such that
NP
§=][yi - p(xi)]2 = minimum
The coefficients of p(x) will be returned for pd]ynomia]s of degree <6.
For higher degree polynimal fits and, if requested, for polynomials of
degree <6, the Chebyshev polynomial multipliers are returned (see remarks).
Dimension X(NP),Y(NP),W(NP),C(NC),NORK(N+1)(N+6)/2)) where
N=NDEG , and NC=N+1 if NDEG>0,NC=(N+1)(N+2)/2 if NDEG<O
CALL PLSCF (X,Y,W,NP,NDEG,NMAX,C,IN,XD,X0,WORK,IER)
whére :
' X(I) = Input array of distinct fndependent variables.

Y(I) = Input array of dependent variables.

W(I) = Input weights corresponding to each data point. If W(1) O,
all W(I)>are taken as +1 and need not be defined.
NP = Number of given data points.
NDEG = Degree of least square polynomial requested. If NDEG is

negative, polynomials of all degrees 0 to NMAX will be computed.
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NMAX = Degree of calculated least square polynomial (0 to |[NDEG{).
This is the maximum degree polynomial fit for which no loss
of significance was indicated.

C(I) = Output coefficient array as follows:

p(x) = C(1) + C(2) x + C(3) x2 + ... + C(N + 1) x2

If NDEG is negative, the coefficients are returned as follows:

Po(x) = c(1)
Py(x) = C(2) + C(3) x
P,(s) = C(4) + C(5) + C(6) x?

IN Input Flag
= 0 and NDEG <6, the coefficients of p(x) are returned in C.
# 0 or NDEG 6, the Chebyshev polynomial multipliers are
returned in C as follows:

p(x) = C(1) To(t) +C(2) Ty(t) + ... + C(N+T) Ty(t)

t=x. XD+ X) and Ti(t) = Chebyshev polynomials
If NDEG is negative, the multipliers of each degree are

returned in C as follows:

po(x) = €(1) To(t)
P (X) = C(2) Ty(t) + C(3) Ty(t)
p,(X) = C(4) Ty(t) + C(5) T,(t) + C(6) T(t)

XD, X0 = Output multiplicative constant XD and additive constant X0
for lineary transformation of argument range.
WORK(I) = Working storage area of ((N+1) (N+6)/2))

IER Output Flag

0, no errors

1, errors in dimension

2, coinciding arguments
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Methods. |
- Determining least squares polynomial fits to a set of discrete

data is generally meaningful only for low degree polynomials. Determining

the polynomial fit for higher degrees in a straightforward manner involves |
solving a linear system of equations AC = B, where A is a positive |
definite matrix which is frequently i11-conditioned.

- This routine computes the polynomial p(x) in the form p(x) = 3
To(t) tc, T](t) oo tey Tm_](t) where Ti are the Chebyshev polynomials
and t is a linear transformation of the original data, (t = (2x-x

+ xmin))/x

max
max’xmin) = x . XD + X0). This method results in a remarkable
improvement of the normal equations.

Remarks. With this subroutine, one can obtain polynomial fits for
degrees up to 6. In addition, the Chebyshev coefficients may be obtained
for any degreé. If one wishes to use a high degree fit, one can evaluate
the Chebyshev expansion for a specified argument x using subroutine CHEB
with argument t = x.XD+X0 and the calculated coefficient vector of the
Chebyshev eXpahsion. :

The Chebyshev expansion of the polynomial p(x) gives a much better
indication of the accuracy of the approximation than the coefficient
vector of the polynomial itself. If the specified degree of the poly-
nomial is too high, the last terms of the Chebyshev expansion will be
uniformly small compared to the coefficients in front. The degree may
be reduced by the number of small trailing coefficients without unduly
enlarging the overall error. An upper bound for the error introduced’
by neglecting the last terms of the Chebyshev expansion is given by the

sum of the absolute values of these terms.
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Storage. PLSCF uses 6728 words of storage and no COMMON. In
addition to the input and output vector arrays X,Y, W and C, a working

storage area WORK((N+1)(N=6)/2)), N=|NDEG|, must be supplied.
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TABLE K-I
Constants for Polynomial sz +Bx +C
Value of A Value of B Value of C

Interval for x Decimal Decimal Decimal
(Octal)* (Octal)* (Octal)*

0.00 to 0.04 -.3765E-04 .1435E-01 .5743E+00
(177776) (000726) (044601)

0.04 to 0.10 -.3263E-03 .4974E-01 .7961E+00
- (177765) (003136) (062746)
0.10 to 0.20 -.2890E-02 .1033E+00 .5080E+00
(177641) (006470) (040405)

0.20 to 0.30 -.6618E-02 .1403E+00 .4152E+00
(177477) (010766) (032444)

0.30 to 0.40 -.1134E-01 .1715E+00 .3635E+00
(177214) (012763) (027205)

0.40 to 0.60 1. -.1973E-01 .2114E+00 .3159E+00
: (176571) (015416) (024157)

0.60 to 0.80 -.3397E-01 .2588E+00 .2762E+00
(175646) (020441) (021533)

0.80 to 1.0 .5085E-01 .3010E+00 .2499E+00
(174575) (023205) (017774)
*These octal equivalent values for A, B, and C were used in sub-

routine POLYN. I I |
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