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ABSTRACT

During the past several years Lockheed’s CATS group has built four large-scale
data acquisition machines that are based on the APTEC I/O computer. Features
of these systems include:

* Speed: Up to 5,000,000 samples per second acquired to mass storage.
* Duration: Several minutes per test (billions of samples).
* Accuracy: .05% of full scale.
* Real Time Display: Multi-channel, multi display.
* Real time and post-processing calculation: 40 megaFlops.
* Data access: Immediate, random access at test completion.

The machines are appropriate for acoustic and structural-dynamic testing, wind-
tunnel research, and scram jet engine performance analysis. Traditionally, these
applications have been done with “Multiplexed FM” or “PCM” magnetic tape
systems. Where they are applicable, I/O computer based systems are more
accurate, versatile, and convenient than their predecessors.

This paper describes the I/O computer based systems that are in use and
explores the near-term extensions to the technology. Topics discussed include:

* Real time displays of structural deflection.
* Closed loop control systems (for structural-dynamic and acoustic testing and

control-structure-interaction research.
* Extensions to an aggregate rate of 20,000,000 samples/second at high

accuracy.



 IOP is an acronym for Input/Output Processor.1

DATA ACQUISITION SYSTEM DESIGN

The design of high performance data acquisition systems requires careful
consideration of signal conditioning, anti-alias filtering, and analog-to-digital
conversion (Reference 1,2). For this discussion, it will be assumed that these
considerations have been appropriately addressed and only the handling of data
will be described. For this family of machines, the APTEC I/O computer (IOC) is
used as the primary data transfer device.

THE I/O COMPUTER

The function of the APTEC IOC is to transfer data from one device to another. In
the applications discussed here, data is passed from the analog-to-digital
converter(s) to disk storage, computational equipment, displays and other
devices. The components may be selected to provide a wide range of
acquisition/storage speed and volume, computational capability, as well as
graphic and alphanumeric display options.

Although the IOC is a very complex device, its functions, when viewed from a
distance, are straightforward. Figure 1 shows a schematic of this simplified view. It
can be seen as a large, high-speed, shared memory that is surrounded by
“computers” that have access to its' data. These “computers”, called IOP’s ,1

control the flow of data between memory and the devices that acquire (A/D
converters), store (magnetic disks and tapes), calculate (array processors),
generate commands (D/A converters), and display (video screens) the
information. Each IOP is a powerful processor, capable of performing calculations
similar to those done on a medium-performance minicomputer. Normally this
processing capability is used for data transfer calculations and logic but surplus
computing capability can be used to perform real-time data inspection and
manipulation. Synchronization of the data transfers is provided by “flag”
communication between IOPs.

APTEC manufactures IOPs with two speed capabilities. The “low-speed” version,
called a “UNIBUS IOP”, emulates the Digital Equipment Corporation’s Unibus
interface and provides a straightforward connection to the large family of devices
that are compatible with this standard. This interface is capable of transferring
over 1 million samples (in 16-bit format) per second between IOC memory and an
external device.



 This is contrasted to conventional “direct memory access” (DMA) interface devices that2

put data into memory in the order that it is received from the analog-to-digital converter.

The higher-speed device, called the “OPENBUS IOP”, uses a special, parallel
interface to transfer up to 6 million data values per second. This system is used to
connect analog-to-digital converters, disk farms, and other devices that exceed
the capabilities of the Unibus IOP.

The IOC is also available with two performance ranges. The IOC-24 can support
data transfer at a total rate of 24 megabytes per second (12 million samples)
between the IOPs and memory. The IOC-200 supports up to 200 million bytes per
second and an IOP that can transfer data at 50 megabytes per second to/from a
device is available. For most data acquisition applications, the IOC-24 is
adequate.

A block diagram of a “basic” IOC-based data acquisition system (capable of
acquiring and storing data at 1 million samples per second) is shown in Figure 2.
The important elements are:

* The IOC System, which is made up of:

- The ADC IOP that controls the flow of data from a data acquisition
subsystem to the IOC processor memory. This processor performs the
required “handshaking” operations with the A/D controller and puts the
data into program-selected locations in memory.

For many applications it is convenient to arrange the data in IOC
memory so that is grouped by channel as shown in Figure 3 . This, or2

any other data-distribution scheme, is a straightforward task for the IOP,
which may be programmed with a different algorithm for each
application.

- The IOC memory is a large (several million-sample), high-speed, buffer
area for transient storage of data. Once the data is in memory, it may be
accessed by other devices attached to the IOC.

- The Disk IOPs control the flow of data to and from the disks. The data
can be stored on any of the disks attached to the IOC.

- The Host IOP controls the flow of data and instructions to and from the
host computer.



 The components were discussed in Reference 1.3

The IOC is surrounded by “peripherals such as:

* The host computer, a member of the VAX family of processors, acts as a
system manager and supplies the “friendly” operator interfaces.

* The 15-bit data acquisition subsystem, that includes the components
required to convert analog data into discrete values . Units are available that3

convert up to four million samples per second at an accuracy of .05% of full
scale (15-bit).

* The disk system, that is made up of multiple, fixed-media, Winchester units.
Disks are available that can store over 1 gigabyte (500 million samples) at
almost 2 megabytes (1 million samples) per second.

Figure 4 shows a view of the data flow through a more complex system that
includes an array processor and a display device. The primary path is from the
A/D converter to the disk pairs via the IOC memory. Separate programs, each
running in a separate IOP, perform this task. The overall process is synchronized
by “flag” passing between the I/O processors. The process involves:

* A block of data (250,000 or more samples) is transferred to Buffer A in the
IOC memory by the data acquisition system’s IOP. During the transfer, the
values are sorted so that they are grouped by channel. When the transfer is
complete, the IOP:

- Tells the other IOPs that the data set is complete,

- Directs the next set of data from the A/D into the second memory area
(Buffer B): The two memory areas are used in turn for access by the
input (A/D) or the output (disk storage, etc.) devices.

* The block of data in Buffer A (which is available for a few tenths of a second
before its space is required for another data set from the A/D) is transferred
to the disks by the IOPs assigned to them.

During the short period that the data set is in memory, it can be accessed by any
of the other IOPs to perform a variety of tasks:

* The IOP attached to the host computer can move selected data to it for
inspection and/or calculation. This transfer is relatively slow (<100,000



 The APTEC VSP processor uses a combination of vector and scalar processing4

components to perform data reduction in the 20 megaflop speed range. Up to 64 VSP”s can be
put on the IOC.

samples per second) so only a small subset of the main data stream can be
inspected by the host. This allows real-time inspection of data from a few
channels (that may be selected while acquisition is in progress).

* If significant real-time calculations are required, selected elements (or all) of
the data block may be passed to one or more arithmetic  processors. Here,4

complex calculations, such as Fourier Transforms and limit tests, can be
made. The results are passed to the “Reduced Data Buffer” in IOC memory
where they can be accessed by host, display, disk, or other IOPs.

* The results of the calculations can be moved to a monitor that is connected
to the IOC. This offers unmatched realtime display performance. The
potential of this feature is being explored but possibilities (some of which
have already been implemented) include:

- Multiple (eight or more) time-history and/or spectral plots.

- Real-time animation of structural deformation.
- Real-time pressure distribution.

* A “spare” IOP in the system is often included to perform calculations and
logical operations on the data. Possible uses in data acquisition systems
include:

- Bounds checking on the data to flag saturated channels. The results are
passed to the host for display and/or action.

- “Trigger” level sensing to start data storage when one or more channels
satisfy a selected signal level and slope condition.

- For tasks where the raw data throughput is not important, arithmetic
operations can be performed by an IOP. One Lockheed application
performs a 256-channel tracking filter calculation at a rate that is
consistent with the structural-dynamic-testing application.

The system also provides excellent post-test data reduction facilities. Figure 5
shows the data flow used in a compute-intensive application that provides
simultaneous data archiving to magnetic tape. Excellent access to the data on the



 The dynamic range is specified here as the ratio of maximum signal to noise floor the5

time domain. In the spectral domain, the dynamic range is over 100dB.

disks and powerful array and scalar processors produce data reduction speeds
that match “supercomputers”.

The IOC system may be viewed as a multiprocessor, parallel processing machine.
Several specialized tasks may be performed simultaneously, either independently
or in concert. The capabilities of the concept are still being explored.

APPLICATIONS

In 1986, Lockheed built the largest system of this type (called ARDVARC) to
support their “Large Vehicle Environmental Testing” (LVET) acoustic facility in
Sunnyvale California.

A block diagram of the system is shown in Figure 6. It has the following basic
operational features:

* Data Acquisition:

- Continuous (10,000 Hertz bandwidth) acquisition of up to 200
microphones, accelerometers, or strain gages (5 million samples per
second, provided by five one-million-sample-per-second analog-to-
digital-converters).

- >80 dB dynamic range  (without amplifier range change).5

- When continuous acquisition of all of the channels is not required,
“Block Switching” is used to expand the system to 680 channels of'
which 40 are monitored continuously.

- Continuous recording of all data for a maximum of 400 seconds (total
data storage more than 2 billion samples, provided by ten 440 megabyte
disks).

* Real-Time Display:

- 1/3-octave color display of any channel, or the average of up to sixteen
channels.



- Power Spectral Density (PSD) or time history of any channel
(interactively selected at any terminal).

- Power spectral density or time history of any six channels. (channels
preselected.)

* Real-time test-level Monitoring/Test Abort:
- Automatic abort for over-level detection by the 1/3-octave analysis.

* Post-test Analysis/Display:

- Long period time histories (oscillograph emulator)

- 1/3-octave analysis and display of any channel or the average of any set.

- “Narrow-Band” (up to 16K FFT) Power Spectral Density (PSD) analysis
of any channel.

- General-purpose time-series analysis.

- Shock-spectrum analysis.

Since ARDVARC was completed, Lockheed has built three additional machines.
These are all custom systems, tailored to the individual application.

* Lockheed’s MODALAB II is a similar, but smaller, system that is used for
modal testing and general purpose control and analysis of structural dynamic
tests. It has a single A/D converter/disk subsystem and is capable of
acquiring up to 1 million samples per second to disk. It also has signal
generation capability and can produce up to 15 user-defined signals to drive
shakers or other excitation devices. It has hardware and computational
capability to perform multi-channel servo control for random- and sine-
excitation tests. It has supported the Space Telescope and a variety of other
dynamic tests.

* The MADDAWG system (Figure 7), built for a major aircraft manufacturer,
provides 1 million sample per second data acquisition and 40 megaFlops of
array processor computational capability. This machine is optimized for post-
processing operations where very complex analysis must be done in a
minimum time.

* The recently completed RAVEN system will support testing of the National
Aerospace Plane (NASP) engine prototypes. It features two data acquisition



subsystems that operate in concert. The first, that is IOC-based, acquires
two million samples per second to disk. A more conventional, 200,000
sample/second, 15-bit, 500 channel system is interfaced directly with the
host. The system features a very powerful and fast error sensing and control
system that combines the capabilities of the host MicroVax lll and a
COMPAQ 386/25 that communicate over and IEEE-488 bus.

HARDWARE ADVANCES...ARDVARC REVISITED

There have been several important hardware improvements for IOC-based
systems since ARDVARC was conceived and built. In particular, the following
developments would make the machine smaller, more powerful, and less
expensive:

* The speed of TUSTIN 15-bit data acquisition systems has been increased to
four million samples per second (and the accuracy has improved slightly).
This capability, when combined with the new disk farms that are available,
make 20 million sample-per-second systems a prospect waiting for an
application.

* The physical size of the data disks has been reduced by a factor of four while
their data volume has doubled.

* The disk interface has been improved to allow continuous transfer rates of
almost one million samples per second per disk, almost double the rate used
on the older machines.

* Workstations are available that make much more powerful and less
expensive hosts.

There are several improvements being added to the ARDVARC system, they are:

* Display interfaces and software have been developed to produce very-high-
speed alphanumeric-graphic displays and workstations directly from the IOC.
These devices have the speed and power required to perform real-time
display of experimental data in the form of structural motion animations,
airflow/streamline plots, and others.

* The new APTEC VSP vector-scalar processor provides intensive
computational capability that is very closely coupled to the data stream.
Multiple VSPs can provide essentially any amount of computational power
required for an application.



* Analog data output (command) calculation and generation hardware and
software systems have been developed so that closed loop control of the
acoustic and electrodynamic shaker spectra can be performed by the data
acquisition system.

Figure 8 shows the upgrade of Lockheed’s ARDVARC system that is being
developed using these new capabilities. The enhancement will provide:

- Calculation and display of spectra of up to 16 microphone responses on a
large-screen, color, workstation.

- Calculation and generation of the drive signal for up to 8 acoustic horns or
electrodynamic shakers.

The data flow for these operations is shown in Figure 9.

CONCLUSION

Data acquisition/analysis systems built around the APTEC I/O computer are
installed in several laboratories and are used in everyday testing applications.
These systems offer performance and ease of use that was only imagined five
years ago.

Operational capabilities include:

* Acquisition and storage of data with 0.05% accuracy at 5,000,000 samples
per second.

* Real-time graphic display of multi-channel data in time-history and spectral
format.

* Fast and convenient analysis of the data immediately after the test.

The systems are readily customizable to a wide variety of data collection,
experiment control, and analysis tasks. Systems have been built for:

* High-Level Acoustic Testing.

* Structural Dynamic and Modal Testing.

* Wind tunnel data acquisition and analysis.



* Rocket/jet-engine testing.

The hardware is available and software is being designed to provide:

* Acoustic and electrodynamic shaker control concurrent with data acquisition
and display.

* Real-time displays that reflect complex experiment behavior.

These systems represent a new plateau of capability in the data acquisition/
control/display/analysis arena. New applications of the technology are being
sought.
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Figure 1.. The APTEC IOC...Simplified Overview

Figure 2.. The Components of a Minimum IOC-Based System



Figure 3.. Data Positioning in IOC Memory

Figure 4.. Data Acquisition Data Flow



Figure 5.. Data Reduction Data Flow



Figure 6.. The ARDVARC System Block Diagram



Figure 7.. The MADDAWG System



Figure 8.. 1989 IOC-Based Vibro-Acoustic
Acquisition/Control/Analysis Machine

 



Figure 9.. ARDVARC Enhancements for Acoustic Control and
Improved Real-Time Display



Figure 10.. Acoustic Control Flow Diagram


