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Chapter 4

AVIONIC MODULES

The avionic module is a hardware element within the avionics architecture
which provides one or more architectural functions. These functions include
data, signal, and graphics processing, mass storage such as global memory, and
I/O interfaces to other clusters. In Air Force terminology, a module is a Line
Replaceable Unit. In Navy terminology, an avionic hardware module is a Shop
Replaceable Assembly. These names reflect the respective maintainability strat-
egies of the two organizations. In this chapter, some specific vendor module
types are described, which illustrate some standard functional element examples.
An overview of the module design process is also be presented. Finally, technol-
ogy trends are discussed, as well as a comparison to commercial computer
systems.

Commercial computer board designs are discussed in the design examples
of subsequent parts. The module types presented in the part are primarily SEM-
E format designs, optimized for fighter/attack applications. As such, these
examples offer insight into characterizations of system requirements for such
aircraft.

4.1 MODULE TYPES

Prime contractor and avionics hardware vendors define avionic module
types for a system as part of functional partitioning (see Chapter 13.3.2).
Trade studies, requirements analysis, cost studies, software approach, and
other factors are pivotal elements in the decision process. Relevant trade
studies might include technology surveys, system interconnect selection, and
performance analysis.

The PAVE PILLAR program, completed in 1987, was an Air Force study
which addressed the impact of VHSIC and other emerging technologies on
system architecture. The results of this study have been leveraged not just by
the original target, the F-22, but also by many new and retrofit applications
through the work of JIAWG and MASA. The common module approach
which JJAWG matured evolved from the PAVE PILLAR core processing
architecture. The PAVE PILLAR architecture is discussed in more detail in
Chapter 7.

In the PAVE PILLAR core processing architecture, the various processor
types discussed in Chapter 2 are mapped onto separate SEM-E modules. Each
1I/0 and memory type also maps to a module type. Aircraft which implement
this approach include the F-15E, EF-111, F-22, A-12, RAH-66, and others.

61
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62 Avionic Systems Design

This design approach has been extended to mission equipment by the PAVE
PACE program. In this part, a description of some of the core processing
modules will be presented.

The PAVE PILLAR approach is normally implemented as a common module
family unique to each program. However, the SEM-E modules designs can be
quite complex, often emerging as multiple layer interconnect boards (1012
layers), double sided. One side contains common elements, which means that
each member of the module family has the same components and layout for this
side. Typically, common side components include SRAM, backplane intercon-
nect interface logic, and maintenance processor. The unique side contains the
components necessary for the function which the module is to provide. In the
case of the various processor module types, the unique side would contain the
processor and additional memory. For I/O modules, the unique side would
contain the serial interconnect logic and transmitters/receivers.

PAVE PACE is the program which follows the successful completion of
PAVE PILLAR. One important goal of PAVE PACE is to extend the common
module approach to the mission avionics area. Mission avionics includes the
high performance sensors and sensor processing front ends, so the core avion-
ics common module set cannot provide all the functionality needed for mission
avionics.

In subsequent parts, examples of the various module types are described.
The types include data, signal, and graphics processors, global I/O, memory,
and power supplies. Also, extension of these approaches to mission avionic
modules is presented.

4.1.1 DATA PROCESSOR MODULE

The data processor module architecture must reflect the system architectural
approach, as Chapter 7.3 describes. Some examples for both loosely coupled
and tightly coupled systems are topics. The precise architectural definitions of
these terms are presented in a later chapter that describes processor and
memory architectures. However, loosely coupled designs usually present char-
acteristics such as scheduled block message groups with regular, periodic
updates, while tightly coupled operations involve small or single word, fast
MEemory accesses.

By far the most common integration approach for tactical aircraft is the
loosely coupled system, in which each module is treated as a single board
computer. The interconnects between modules, therefore, are highly layered
and function in many ways like a local area network. Of course, extensive fault
tolerance capabilities must be added to these interfaces. The PAVE PILLAR
architecture is defined in this manner.

Variations of the Air Force PAVE PILLAR architecture are widespread. As
discussed previously, in this design approach, a SEM-E module contains
components common to the entire module family. These include a MIL-STD-
1750 16 bit processor used as an I/O controller, a diagnostic processor (often
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Avionic Modules 63

the same MIL-STD-1750 processor), or a bus interface unit. In many designs,
the I/O processor and the bus interface unit are capable of message chaining,
a concept that is described in a later chapter on the message passing commu-
nication model. This is approach is highly efficient in loosely coupled systems
and involves simply setting a pointer at the beginning and end of the block of
data to be transferred. The protocol words are initialized at system start-up. The
processor running the application code, therefore, does not have to wait on the
I/O to be completed, but can return to application processing until an I/O
completion interrupt is received. The bus interface units are configured to
provide dual 16 bit error detecting Pi-Bus (32 bit for F-22), dual Test and
Maintenance bus, and discretes of various types. The application specific
portion of the module contains another MIL-STD-1750 processor and user
memory. These modules normally provide 512-1,024 KBs of local memory
used by the application software.

The power of the loosely coupled approach is evidenced by upgrade pro-
grams now in development. In many cases, it is unnecessary to replace all the
modules in the computer. Instead, it is possible to upgrade module types
individually. This is impossible in some other architectural approaches because
the hardware functionality and performance is spread among several modules,
instead of the functional encapsulation of the PAVE PILLAR and JIAWG
approaches.

The next generation of data processor technology involves replacement of
the 16 bit MIL-STD-1750 PAVE PILLAR processor with a 32 bit processor.
This is the approach taken on the F-16 upgrade, in which the TI MIL-STD-
1750 data processor from the common module set has evolved to the R-3000
processor. The memory architecture for this module provides 64 KBs each of
data and instruction cache.

A more integrated approach is taken for the F-22 modules. Hybrid circuits
are developed to increase the level of functional integration and to reduce the
number of pin outs routed within the module layers. For example, the data
processor hybrid contains two Intel 80960MX® processors, a diagnostic
processor, and 2 MBs of memory, contained in a 2 x 4 inches package which
dissipates 25 watts. Other components provide additional memory and I/O,
such as the Delco 32 bit Pi-Bus. Thus, a powerful single board computer can
be developed within approximately one half the board space of the previous
generation MIL-STD-1750 families. The major drawback of this type of
module is the high power dissipation (more about this later).

The single board computer approach is prevalent in aircraft such as the F-
15E, F-16 Upgrade, F/A-18 (various subsystems), F-22, F-111, and RAH-66.
However, this approach is quite different from the architecture used in com-
mercial workstations and personal computers. The reasons for this will be
discussed in the systems design examples, but it is instructive to examine the
impact on the data processor module design if a tightly coupled systems design
approach is pursued.
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64 Avionic Systems Design

A tightly coupled multiprocessor system communicates through real-time
access to a shared memory. Therefore, the primary difference in the data
processor module design will be in the processor module memory architecture
and I/O system.

The design of the memory architecture for a tightly coupled system must
address the issue of data consistency. A common method to solve this problem
is dedicated hardware that detects and signals potential data consistency prob-
lems due to multiple copies of the same data (or possibly code) present in the
local memories of the individual processors. The most time critical of such
circuitry is that connected to cache memories (or read/write buffer interfaces)
due to the speed of such devices. When a memory segment must change to
assure consistency, all processors with copies of this data segment stall, wait-
ing for the update to complete. The later chapter on communication models
describes this problem more fully in the discussion of shared memory.

Another important aspect of cache coherency is the bus interface unit. The
memory bus used by the processor must be extended to all the multiple
processors. Of course, if a single processor type is used in the system, the
addressing and data transfer are much simpler than if many types of processors
are used.

Although the tightly coupled approach does have avionics applications, the
loosely coupled approach has benefits for tactical aircraft. The next part
provides more insight into such benefits. For this reason, though, the PAVE
PILLAR and JIAWG architectural concepts will be used on future designs.
Upgrades to existing designs, such as the product descriptions provided at the
end of this chapter, will likely form the building blocks for such systems.

4.1.2 DIGITAL SIGNAL PROCESSOR (DSP) MODULES

A DSP module is often architecturally similar to a DP module, except,
obviously, for the processor type. However, in recent years, parallel processing
technologies have greatly influenced DSP module architectures. Therefore, the
generations tend to be characterized as single DSP modules, multiple, loosely
coupled DSP modules, and parallel processors.

As just mentioned, a single DSP module is architecturally similar to the DP
module. This module type would typically provide the DSP component, ap-
proximately 1,024 KB of SRAM, 128 KB of EEPROM for start-up and
diagnostic code, a backplane interconnect 1/O coprocessor (e.g., Pi-Bus, VME)
and a maintenance processor.

A common processor selection for such modules is the TI TMS320C30
family, or the AT&T DSP32. However, there are custom design for specific
applications, such as radar or acoustic processing, with much higher perfor-
mance for specific functions. In addition, module prototypes are becoming
available with newer processors which offer higher performance.

A loosely coupled, multiprocessor DSP extends this design by placing
multiple DSPs and additional memory on a SEM-E module. Each DSP would
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have a segment of private memory and the aggregate would also have global
(shared) memory. This partitioning is normally programmable using the com-
pilation system and operating system facilities. A typical design might have 4
DSPs with 4,096 KB SRAM. The other components listed for the single DSP
module would also be retained.

In the realm of pure parallel processors, two types exist. The first is a Single
Instruction, Multiple Data (SIMD) machine in which one assembly language
instruction is executed simultaneously by a bank of identical processors. How-
ever, the data pipelines to these processors are unique. One mechanization of
this approach is a common global code segment of memory, with a common
instruction pointer for each processor. Such a design can be quite efficient with
memory usage. This type of arrangement might be used for sensor processing.

Another type (less common) is the Multiple Instruction, Multiple Data
(MIMD). A MIMD machine provides a bank of processors, potentially of
different types, whose results are cycled to the other processors each clock
cycle. Such machines can be quite powerful, but the software may be enor-
mously complex. At the microcircuit level, this is equivalent to the super scalar
approach of multiple logic unit types within the processor.

These design concepts are extensible to the system level. As such, the
advantages and disadvantages of loose versus tight coupling, parallel versus
vector or scalar processing, and software complexity will be discussed more
fully in the next part. Also, descriptions of vendor DSP module designs are
presented later in this chapter.

4.1.3 GRAPHICS PROCESSOR MODULES

The Graphics Processor Module architecture differs from the DP module
design in two important ways. The first is that the module contains a graphics
processor instead of a general purpose data processor. The second difference
is the presence of video RAM instead of SRAM. These distinctions were
discussed in Chapter 2.

The graphics processors described in the last chapter appear in avionic
module designs. However, the most common Higher Order Language (HOL)
used for the graphics modules is C, unlike data processor modules, which are
programmed in Ada. Therefore, the new, high performance graphics and signal
processors will cause C to once again emerge as a HOL candidate for avionics.
The emergence of C++, which supports object oriented programming and other
software formalisms, may help to ease this transition.

VRAM was also described in the last part. The distinctions between VRAM
and SRAM is in the memory addressing mechanisms. However, both memory
types are identical to commercially used components, except for packaging.
Therefore, as mentioned in the last part, development of such memory devices
can be leveraged from the commercial computer industry. In the same manner,
a well conceived graphics or signal processor module design can simplify use
of commercial software libraries.
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As the last chapter explains, the TI SMJ34020 and Intel 80860™ dominate
the avionics and prototype graphics system market. However, there are other
options as well.

Some systems simply use a high performance data processor module for
both graphics control and image processing. In general, video processors offer
more flexibility and performance over a range of applications. However, if a
data processor can meet the graphics requirements of the system baseline, then
this approach provides a more common hardware and software environment,
which can have a significant cost impact. As usual, careful requirements
analysis and technology evaluations must be the basis of such a decision.

4.1.4 /0 MODULES

I/0 modules serve as gateways to connect clusters of processor and memory
modules together. The 1/O module reformats signals to or from the backplane
interconnect into a system serial interconnect. As Chapter 3 discusses, this
function is necessary because high speed, parallel, electrical buses cannot be
extended over large distance.

The most common I/O module provides a MIL-STD-1553 interface. A
typical design would provide the MIL-STD-1553 receiver/transmitter and
logic unit, 512 KB of SRAM, 128 KB of EEPROM, a backplane bus interface
unit, and a maintenance processor. This module would be used to download
software prior to system start-up, or to communicate with other integrated
racks during system operation.

Another I/O module type provides the HSDB interface. The HSDB is
described in the previous chapter. Architecturally, this module is similar to the
MIL-STD-1553 module, except for the different receiver/transmitters and bus
logic.

Discretes modules are also very common. Aircraft discretes are usually not
Transistor-Transistor Logic (TTL), so some type of conversion is needed so
that digital logic can process the information which such discretes present. An
input resistor circuit is often set up so that the aircraft discrete can provide the
proper current and voltage to turn on a diode. An optical transceiver is then
placed on the module to optically couple the aircraft discretes. The output of
the optical transceiver is designed to produce TTL signals compatible with
computer digital logic. A discretes module will normally connect each discrete
to a dedicated bit in a register, so that 16 discretes are read as a word onto the
backplane interconnect. Other interfaces, such as RS-232, are sometimes also
placed onto the discretes module.

Analog modules are also often needed for a systems design, such as those
described in Chapter 9. The distinction between analog and digital modules for
system interfaces is somewhat hazy, though, because aircraft discrete signals
do not use conventional TTL trigger levels. Finally, there are module designs
that provide multiple digital and analog interfaces, such as the TI Multiple
Purpose Interface module.
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The definition of I/O module types is an important step in the system archi-
tecture definition. These modules provide the system level communication among
processing clusters. However, a proliferation of interface types can increase the
power dissipation, weight, installed space, and cost of the entire system. In this
area, as in all others, the systems designer must not let technology drive intercon-
nect selections. Instead, a reasoned analysis of system requirements must be the
basis for interface selection.

4.1.5 MEMORY MODULES
Two different memory module types are found predominantly in processing
systems, including core avionics. These are bulk memory and extended memory.
The bulk memory module provides system mass storage for software loads
and maintenance data. Some bulk memory modules provide on board process-
ing to permit a file structure type access. These modules can usually act as both
masters and slaves on the backplane interconnect. Another approach is to
simply place the memory, slave only bus interface, and maintenance processor
on the module. This means that the requesting module must provide memory
management, including file structures, as needed. However, this approach is
very efficient from a hardware standpoint since it maximizes the amount of
memory on the module. The storage medium of such modules is often EEPROM,
although battery backed SRAM is another option using the aircraft battery.
The Extended Memory Module (EMM) is used to provide additional RAM,
typically to a DP module. The interface between the EMM and DP(s) is a high
performance memory bus, such as that used by the data processor to commu-
nicate with its local memory. EMMs contain only SRAM, no other processors
or bus interfaces are provided. With the coming of multi-chip hybrids and very
dense SRAM, most designers are able to get sufficient memory on the DP
modules. Therefore, EMM may not be necessary in future systems designs.
The F-22 uses a Global Bulk Memory. Despite the somewhat confusing
name, this module serves as a multiported, large SRAM segment for connecting
loosely coupled DP and DSP modules to sensor interfaces. This module provides
rapid interconnects to the sensor systems as a shared memory element. More will
be presented on this architecture in a later part.

4.1.6 POWER SUPPLY MODULES

Power Supply Modules provide the regulated voltage and current source
needed to run the various core processing modules. The PSM accepts aircraft
power, which is often either 28 volts DC, 115 volts AC (three phase), or 270
volts DC. The power supply must filter and rectify this input to isolate the
digital modules from the electrical noise produced by the aircraft generators.
In addition, a voltage conversion must be performed. Typical output voltages
from the PSM to the other digital modules are *5, although 15 and 28 volts are
also used. To achieve low power dissipation, some digital systems may use 3.3
volts in the future.
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Power supply outputs are rated in watts, typically around 250 for a current
design. This means that if only 5 volts were delivered, that such a module could
deliver 50 amps of current. The electrical needs of such a system can be gauged
by noting that typical signal line currents are 100 mA (0.1 Amperes), so a
module with a 306 pin connector could theoretically consume 30.6 amps. With
higher pin counts, the power consumption may be worse.

Power supplies are also rated in terms of efficiency. This is a measure of
how effectively the input power is converted. Typical efficiencies are around
85%. The loss is mostly dissipated as heat.

Core processing subsystems require multiple power supply modules not
only due to current draw, but also for better system fault tolerance. However,
this approach requires that some control mechanism be established so that the
output of individual power supplies can be monitored and controlled. Discrete
analog signal lines are used to control and communicate with these modules.
For example, a current sharing line for each power supply provides an interface
to a feedback loop so that each supply can adjust to system power demands.
Typical PSM output discretes are power normal and power fail imminent,
which are used by digital modules to assure enough time to save data and begin
an orderly shutdown in the event of a power problem.

4.1.7 MISSION AVIONIC MODULES

Although the technologies described in this part are focused towards core
processing, many of the same standardization trends evidenced in the design
of this equipment are emerging in mission avionics. This trend is motivated by
the observation that the sensor electronics are the source for the bulk of tactical
aircraft avionics cost.

Mission avionic modules support the specialized 1/O requirements and
analog nature of some mission specific equipment. This type of electronics has
largely been point designed for each application, although standardization is
emerging for such equipment. The two ends of the mission equipment interface
spectrum are low speed, mechanical sensors, and high speed, radio frequency
communication devices.

One example of a low speed sensor is the accelerometer of older inertial
navigation or flight control systems, which is mechanized as a pendulum
whose displacement indicates the acceleration in the direction in which it can
swing. Another example is the mechanical rate gyro, which is, in essence, a
spinning flywheel which uses angular momentum conservation to measure
torques applied to it. The most common communication interface for such
sensors is the synchro-resolver, which is provides an analog displacement
measurement value. The sensors can be implemented so that the displacement
is either linear or angular. Many companies make interface units for this
function, such as the DDC RDC-19200 which offers up to 16 bit resolution in
programmable sample rates.

Mission avionic modules for low latency, radio frequency applications
include specialized receiver/transmitters, preprocessors, Analog to Digital
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Converters (ADC), and fast analog (RF) memory. These elements are used for
functions such as communication, radio navigation (Global Positioning Sys-
tem, Tactical Area Navigation), and identification (altitude encoding transpon-
der). The PAVE PACE program contractors studied standardizing these func-
tions in much the same way as standardization has proceeded in core processing.
This will include standard packaging (SEM-E).

High performance, new technology ADC will revolutionize mission avionics.
Much of the existing analog mission equipment will be pushed out of newer
systems. New miniaturized power supplies and power converters will simplify
packaging of these functions. Finally, the preprocessors will be miniaturized and
achieve higher performance, which will further simplify packaging and increase
functional density.

The low speed sensors are gradually being replaced by fiber optics and other
technologies. However, the ADC/DAC will continue to be important for new
designs.

4.2 SAMPLE MODULE DESCRIPTIONS

This discussion provides some examples of data processor, signal processor,
and power supply modules.

4.2.1 IBM DP

The IBM Common Modules are a SEM-E form factor product originally
designed for the F-15E and A-12. The processor is an IBM designed MIL-STD-
1750 16 bit processor which is manufactured by Intel using its CHMOS process.
The primary interface is provided by an Intel Pi-Bus controller, configured to
switch between two identical 16 bit, error detecting buses. Other interfaces
include TM bus, IEEE-488 console interface, various dedicated and program-
mable discretes, and power and grounds. An IBM custom designed Diagnostic
and Maintenance Processor (DMP) performs on line diagnostics. The Instruction
History gate array is provided to store information primarily used for software
debug. 1,024 KB of SRAM and 32 KB of EEPROM, both parity protected, are
provided. The SRAM is wired so that it can be battery backed. The on module
memory bus provides a full 32 bit data path, with 23 address lines.

The DP module is shown in Figure 4-1. The picture shows the B side of the
module, which is common for all of the IBM digital modules. This includes the
MIL-STD-1750 processor (at the top, near the extractors), the Pi-Bus controller
(center of the module, at the bottom), the DMP (to the right of the Pi-Bus
controller), and the Instruction History gate array (the other large logic unit).
The Pi-Bus transceivers are along the bottom, near the connector. The extractor
levers are at the top and the wedge lock hardware, which is hidden behind the
side rails, fasten the module in place.

This module weighs 1.2 pounds and generates 21 watts. The calculated Mean
Time Between Failures (MTBF) is 17,380 hours. This module is designed for
convection air cooling.
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FIGURE 4-1. IBM DP module. (Courtesy of IBM.)

The TeleSoft MIL-STD-1750 Ada compilation system has been ported to
this target. IBM developed this module for the A-12 and F-15E programs. It is
also used on the EF-111, and is a candidate for others.

4.2.2 TI DP

The TI DP module shown in Figure 4-2 is a direct implementation of the
PAVE PILLAR module architecture. Two identical TI MIL-STD-1750 16 bit
processors are provided. One serves as the master CPU, and the second
normally functions as an I/O processor, although this arrangement can be
programmed using operating system procedures. Dual TI Pi-Bus controllers
provide complete redundancy and independent bus A and bus B operation.
1,024 KB of SRAM and 64 KB of EEPROM are provided.

This module weighs 1.25 pounds, dissipates 18 watts, and has a calculated
reliability in excess of 30,000 hours. This module is designed for convection
air cooling.

The Tartan Ada system and TI Network Operating System ports are avail-
able for this target. TI developed this module for use on the YF-22A program.
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Business Development

CMOS VHSIC 1750A DATA PROCESSOR MODULE
CPU SIDE

Defense Systems & Electronics Group
FIGURE 4-2. TI DP module. (Courtesy of Texas Instruments.)

4.2.3 TI QUAD C40

The TI quad-DSP module shown in Figure 4-3 provides four TMS320C40
digital signal processors. 5.5 MB of memory total is provided, with cach C40
allocated 1 MB of dedicated SRAM, 1 MB global SRAM, and 512 KB of
EEPROM. The module interfaces are VME as the backplane interconnect,
VME System Bus (VSB) is the mass transfer bus, and RS232 as the console
interface. Finally, the processor bus is also available at the card edge so that
multiple C40 modules can be interconnected as a parallel processing machine.
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FIGURE 4-3. TI quad C40 module. (Courtesy of Texas Instruments.)

The package size is the VME standard 6U. The Tartan Ada and C compilation
systems are available for C40 targets.

A dual C30 module is available from TI in a SEM-E format. This module
provides 128 KB of SRAM and 8 KB EEPROM. The primary interface is the
Small Computer System Interface (SCSI). This module was designed as an
independent research effort and is based on the YF-22A common module design.

Both of these modules are convection air cooled.

4.2.4 IBM POWER SUPPLY

The IBM PS module for its Common Module family accepts 270 volts DC
input and can produce 44 amperes at 5 volt output, at an 80% efficiency. The
PS modules provide signal lines so that up to five modules can be used to
provide current sharing. The module format is SEM-E, dissipates 55 watts,
weighs 1.5 pounds, and has a calculated MTBF of 50,450 hours.

This module is shown in Figure 4-4. The module hardware, such as the
extractor levers and connector, is identical to the hardware for the digital
modules. However, the picture does provide some feeling for the complexity
of the design. A power supply is an analog module. The placement of discrete
components, such as the rather large capacitors along the lower right side,
can have an important impact on both electrical and mechanical properties.
The electrical properties can be altered by, among other factors, the length of
the signal routings. The mechanical properties can be altered by mounting
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FIGURE 4-4. IBM PS module. (Courtesy of IBM.)

relatively massive devices near the rails, so that the lever arm associated with
vibration is minimized. The devices that tend to generate more heat are also
often placed near the rails for better dissipation.

4.3 DESIGN PROCESS

The design of avionic modules, similar to software and hardware compo-
nents, has become highly automated. After completion of microcircuit designs,
the modules are simulated by connecting together the microcircuit simulations.
This allows detailed estimation of module electrical characteristics, such as
impedance, capacitance, and transmission line effects versus clock speed and
temperature.

An Automatic Place and Route (APR) software program provides an opti-
mal, rapid solution for the module wire layouts and placement of microcircuits.
This program treats the problem as a three dimensional grid through which
interconnects must be routed. The resulting data files can be used directly by
numerically controlled machines to produce the multiple layer circuit boards.

As with most complex systems, it is important to find problems early in the
process before costly redesigns are needed. These problems may be design
imperfections or poorly specified requirements. Extensive simulation and hard-
ware prototyping is used to reduce risk in this area. This approach is discussed
in the part on the systems engineering process related tasks.
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Chapter 10

ANALYSIS EXAMPLES

It may be intuitively clear from previous discussions that many different types
of analysis are needed to develop a design baseline. One example is analysis of
the communication within the system. The communication analysis is normally
split into two segments, the system serial bus and the parallel module intercon-
nect. Another type of analysis deal with the performance and functionality of a
computer module, or functional element. A final example is the requirements
analysis associated with an entire aircraft system. This chapter presents examples
of such analysis.

10.1 INTERFACE AND FUNCTIONAL ELEMENT
ANALYSIS

Many of the benchmarks in the last chapter deal with interaction of the
processor and memory structures only. The system tests measure the relationship
of processor performance to I/O activity. To complete the spectrum, another
performance analysis realm is the interface hardware. This hardware analysis
includes the behavior and speed of dedicated I/O memory and bus interface logic,
as well as limitations imposed by the electrical characteristics of signal lines. This
analysis also includes the interaction of computer functional elements within a
communication network.

This chapter deals with the use of performance results, such as those
described in the last chapter, to test primary requirements of architectures,
which are interfaces, and functional elements.

The Interface Requirements Specification (IRS) for the Computer Software
Configuration Items (CSCls) specifies the message traffic and timing for each
software unit. A CSCI is an application program. The functional and perfor-
mance requirements for the CSCI are provided by the Software Requirements
Specification (SRS). The systems engineers must produce the requirements for
the IRS and SRS from those of the system specification. Historical examples
of specifications are a strong influence in this process.

In the subsequent discussion, the focus is on the external hardware commu-
nication channels, not internal communication within a CSCI, which often
executes on a single data processor module. These channels include the backplane
bus and system buses.

Another important document is the Interface Control Document (ICD). This
contains detailed, bit level word formats for each data word. For most systems,
an ICD is developed for each system interface, for each computer subsystem.

213
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Two important system features, message scheduling and hardware latency,
are the primary outputs of interface analysis. Message scheduling relates the
update rate for the Ada task performing 1/O, to the time needed to actually
execute this function with other tasks running. Hardware latency refers to the
amount of time needed for a data word to be transferred from the originating
software to the receiving software. However, the software and systems designers
must define a message mix before one can obtain results from these two features.

A sample message mix is shown in Table 10-1. This represents the commu-
nication of a navigation function with the remainder of the system. Control
information passes into the calculations for sensor updates. This includes fly
over waypoints, radio navigation information, or relative navigation with data
links. The control information also includes change of modes that might occur
with a reset or off-line diagnostics. The data writes are the navigation solution
outputs.

The following chapters use this message mix as the basis of numerous
examples involving message scheduling and latency. These discussions are
followed by a more general description of hardware interface and software
operation. This revisits many of the architectural issues which provide the
hardware technology basis for these discussions.

Functional analysis refers to the careful examination of the hardware and
software provided to support some avionic functional requirement. Avionic
functions include both core processing functions, which tend to be similar
across platform types, and mission functions, which are unique to the platform
type. Core functions include navigation, communication, identification, and
flight control systems.

The purpose of functional analysis is to generate detailed hardware and
software requirements for each avionic function, then to map these require-
ments onto a systems design baseline. Later in the development cycle, the
analysis involves providing estimates that verify that the design can meet the
requirements.

In highly integrated architectures, the distinction between an avionics func-
tion and one or more hardware modules is lost to the miniaturization inherent
in the electronic packaging. In such systems, a hardware module, or small
group, is called a functional element. The various buses through which the
modules communicate are called functional element interconnects. Although
this terminology can be somewhat confusing, it is commonly used in the design
industry.

The confusion in terminology is most prevalent in derivations of a list of
module hardware functions. These include data processors, signal processors,
graphics processors, various I/O types, shared memory, and bulk memory.
Once again, it is common to speak of a data processor functional element,
although data processing is not a high level system function.

This chapter focuses on three general classes of functional elements. These
are processing nodes, I/O nodes, and memory (storage) nodes. Previous discus-
sions provide examples of each functional element type and its use. This
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TABLE 10-1
The Navigation Message Mix
Message Word count++ Read/write+
1 4 Write
2 2 Write
3 14 Write
4 28 Write
5 14 Read
6 7 Write
7 4 Read
10 4 Write
15 4 Write

Notes: + Read or write from the perspective of the
navigation application.
++ 16 bit words.

chapter provides more detail regarding host side and bus side analysis. The four
topics of this chapter are message scheduling, message latency, bus side
functional element analysis, and host side functional element analysis. The
subsequent discussion provides examples of both requirements validation and
performance estimation.

The performance of the interfaces and functional elements must be closely
matched for efficient operation. Although the dividing line may not always be
clear, the distinction between interface and functional element analysis is that
interface analysis is based on the communication models, but functional ele-
ment analysis relates to the architecture models. The final chapter of this part
explores this relationship more fully. In subsequent discussions, a cluster refers
to a small number of functional elements interconnected by a cluster bus. A
cluster communicates with other clusters with a system bus. The system
architecture type, federated or integrated, determines the size and complexity
of clusters.

10.1.1 INTERFACE ANALYSIS

Interface analysis provides an estimate for the amount of time needed to
pass a message from one node to another within a system. The interface may
be the cluster bus, such as a parallel backplane channel, or a system bus, such
as MIL-STD-1553. Many hardware and software factors which impact this
timing. These include software overhead, memory architecture, processor speed,
and other factors.

This discussion develops technical descriptions of two important systems
design issues, message scheduling and message latency.

After this chapter provides examples of such calculations, Chapter 10.4
completes the picture by describing the relationship of these parameters to
system requirements.
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10.1.1.1 Message Scheduling

The most comprehensive theory for message scheduling may be RMS,
which matches closely the features of the message passing communication
model. This is understandable since timings for the shared memory systems are
set by hardware and timings for network systems are statistical. For this reason,
the following discussion focuses on message passing.

Message scheduling refers to the rate at which the application software
requests individual data transfers. In avionics applications, RMS theory is the
most common method for both messages and software tasks. Once again, it is
difficult to neatly separate message and application software scheduling since
at least one of the application tasks performs 1/O. RMS theory assumes that
each software task is pre-emptible on the basis of task priority. The priority of
each task is based on the requested update rate: the higher the rate, the higher
the priority.

Since each task requires a certain amount of time to execute, it is possible
to schedule tasks faster than the hardware can execute. If one of these tasks
performs the I/O, a system deadlock might occur because the I/O task would
never be serviced. A simple example can illustrate this point.

Suppose that a CSCI is composed of the following tasks:

+ Executive and timing (EXEC)

+ Navigation calculations (NAV)

« I/O for the navigation solutions (NAV 1/O)
» A Kalman filter (KF)

* A Periodic Built-In Test (PBIT).

The times assigned for the execution of each task, the update rates, and
priorities are shown in Table 10-2. The execution times are available from the
SRS for the CSCI, but if it becomes necessary to calculate this value, two
context switches and some idle time should be included (this discussion
includes examples later). Table 10-2 also shows the priorities and update rates
in Hertz (Hz) for each message. In this table, priority N is normal, which is
machine and Ada system dependent.

The basic RMS theory! provides that the task schedule can complete within
the allotted time if 3, (C/T,) < n (2! — 1), in which C, is the execution time,
T, is the scheduled period (inverse of rate), and n is the number of tasks, 5 in
this case. The example of Table 10-2 is schedulable, because ¥, (C/T,) = 0.2,
while the right hand side of the inequality is 0.74 for n = 5. If, on the other hand,
all five tasks had been scheduled at 80 Hz, then X (C,T;) = 1.04, which shows
that the tasks are not guaranteed completion. Finally, if all the tasks had been
scheduled at 40 Hz, then ¥, (C/T;) = 0.52, which is schedulable.

One note of caution, though. The RMS theory precedes widespread use of
Ada tasking, so some generalization is necessary for an actual operating
systems design. This example is intentionally simplified to show how RMS and
tasking can be mixed.
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TABLE 10-2
Software Tasks for the Example
Execution Rate

Task time (ms) (Hertz) Priority
EXEC 0.5 80 N+1
NAV 1.5 40 N
NAV I/O 35 20 N-1
KF 25 10 N-2
PBIT 50 1 N-3

Not only must the NAV I/O software task be scheduled with the operating
system, its messages must be scheduled on the bus as well. System buses and
some backplane buses offer hardware support for RMS scheduling. For such
systems, message priorities relate to update rate, just as with the software.
For this simple example, it probably does not make technical sense to
schedule messages on the bus any faster than the calculations provide updates
(20 Hz). Therefore, if the navigation message mix is the output of NAV /O,
then this message mix is scheduled on the bus at 20 Hz, with corresponding
bus priority.

The bus hardware priority should not be used the same as software I/O task
priority, although they are related. The bus priority provides a control input to
the bus interface logic, while software priority is an input to the operating
system software process scheduler. The bus message schedules may execute at
a slower rate than the NAV I/O task, although the most sensible design is to
schedule both at the same rate, if the system can achieve this. However, a good
software design does not rely upon a fixed amount of time between task
activation for I/O and the hardware bus transaction. This is known as a critical
timing loop and can lead to race conditions, which is unpredictable sequencing,
usually due to erratic timing for resources among I/O competitors.

Software scheduling involves parameters such as the amount of time needed
to execute a task and scheduled rate. The bus scheduling involves similar
parameters, except that execution time is replaced by theoretical bus throughput
for the message mix.

If a 16 bit Pi-Bus is the interconnect, calculation of the theoretical update
time is possible, as was done in Part II. the amount of time needed to transfer
the message mix of Table 10-1 is:

Overhead/message 18 clocks
Waits/message 14 clocks
Total data cycles 81 clocks
Waits for data cycles 81 clocks

or Total =9 - (18 + 14) + 81 + 81 clocks at 12.5 MHz, or 450 clock cycles at
80 ns, giving 36 s total.
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TABLE 10-3
Sample Pi-Bus Message Mix
Priority
Execution Rate (logical bus

Task time (us) (Hertz) priority)
NAV I/O 36 20 8
Al 800 40 9
A2 1050 40 9
A3 650 40 9
A4 10 80 10

Suppose that a computer system includes NAV I/O and the other messages
shown in Table 10-3. When the bus time is multiplied by the update rates, the
sum is 0.10152. This can be compared to the schedulability criterion for five
processes of 0.74, as before with the software schedule. In fact, if all the
message group schedules run at the same rate, the schedulability value (0.74349)
divided by the total time (2.546 ms) yields a rate of 292 Hertz!

This example shows the impact of software overhead. The bus hardware is
not 300 times faster than the host side memory and processor bus. In fact, from
the perspective of the processing node, the Pi-Bus can be modeled as 80 ns
memory. The difference in speeds is the amount of time needed to enter the
appropriate software tasks, set or clear interrupts, switch contexts, and similar
factors. Therefore, the theoretical bus throughput is not a clear indicator of the
amount of time needed to actually transfer data from one memory system to
another. This time is called data latency, and is the next topic.

10.1.1.2 Message Latency

Message latency is the amount of time needed to route a data packet from
the source software task to the destination software task. The destination may
be on a common interface with the source, or the connection may involve
switching many different nodes. Routing in the message passing model is most
tractable, so this model is the basis of the following discussion. Complex
routings in shared memory systems must be avoided due to performance issues.
In networks, complex routings are very likely, and queuing theory can be an
appropriate theoretical basis.

In general, both hardware and software overhead contributes to overall la-
tency. The I/O is most likely handled by a software task which runs at a priority
determined by the system context. A message routing latency calculation must
include the following for such a system:

» Source host side scheduling delay and task idle time
» Source host side software overhead to perform context switches, services
interrupts, and perform the data transfer from user memory to I/O memory
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* Bus hardware latency due to overhead and finite response time
« Destination host side scheduling delay and task idle time
+ Destination host side software overhead.

For a message passing system, refer to Figure 6-1.

The host side refers to the data processor memory and processor system on
which the software task runs. The bus side refers to the bus interface control
logic, dedicated I/O memory, and other bus hardware such as transceivers and
signal lines.

The host side software must schedule the data transfer, as the last topic
describes. The operating system may not be able to service the request at
once if other higher priority tasks are running or blocked. This situation will
result in the I/O task being blocked by the higher priority process. In the
tasking scenario of the last topic (Table 10-2), the NAV I/O must wait a
maximum of 2.0 milliseconds for the EXEC and NAV to run. The wait will
be smaller if either of these tasks suspends. For example, EXEC might be
coded to simply update the timer, delay until NAV, NAV I/O, and KF signal
completion, then run diagnostics and perform error recovery, as needed.
There are other scheduling algorithms which can minimize waits, such as
Fastest First, but RMS scheduling is more common for avionics and is the
basis of this discussion.

When the NAV I/O task begins to execute, some other task must be
suspended since the data processor can only run one task at a time. The process
state of the suspended task must be saved to memory so that it can be resumed
later. After the current task is saved, the NAV I/O task process state must be
loaded and started. This operation is called a context switch. In addition to the
context switch, it may be necessary to signal the low level bus hardware by
setting a service request interrupt, which causes a latency due to the time
needed for the interrupt service routine. Finally, the data and protocol words
must transfer from the application program memory to I/O memory, which the
bus interface logic can access. This transfer occurs via the host side processor/
memory bus. Also, if the NAV I/O task generates memory addresses which are
not in cache memory, then a cache miss occurs, which must be handled with
additional memory transfers. When the application program transfers from
cache to I/O memory, a cache memory miss is likely, resulting in additional
wait time. All of these factors (context switches, interrupts, memory access,
and cache misses) contribute to host side software overhead.

The bus side latency refers to the speed which the interface control logic can
perform the transfer. The previous topic provides examples for Pi-Bus and
Futurebus+.

Finally, the destination task has host side latencies similar to those for the
source task. The destination node interface logic must recognize and respond
to the source task node, transfer the information from slave I/O memory to
application memory, and signal the destination task.
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In practical terms, it can be very difficult to provide accurate values for
some of these parameters. The following numbers should be available from the
computer hardware vendor or Ada vendor:

+ Context switch time

 Interrupt latency

» Cache miss penalty

» Processor clock cycles needed for reads and writes.

However, the systems designer must calculate for the particular system context
the scheduling delay and task idle time, as well as the hardware latency.

The previous chapter describes the parameters needed to make such esti-
mates. These are the actual execution time needed for the hardware to perform
the service, the scheduled update rate, and the priority.

Mathematical models of queues can be the basis of scheduling delay and
idle time estimates. This approach may, or may not, involve statistical, discrete
time simulation described in Part II. The arrival rates of requests to these
queues are based upon the control flow of the tasks running at the time of the
request. A model for the bus side system context is similar.

Once again, for the tasking example shown in Table 10-2, the sequence
shown in Figure 10-1 would execute.? In this example, the minor frame rate is
12.5 ms (80 Hz) and the minor frame for which all tasks execute is shown. The
tasks need not be scheduled this way. Instead, processor loading can be
averaged. However, this diagram represents the worst-case delay, which should
always be the basis for such an estimate. In this diagram, the scheduling delay
is 2.0 ms for the NAV I/O task. In a similar manner, Table 10-3 indicates that
the worst-case delay for the bus transfer is 2.51 ms.

The analyst might derive a software overhead estimate from the vendor
information as:

» Context switches (2 needed), 0.1 ms

» Interrupt latency (2 needed), 0.2 ms

» Cache miss penalty, 20%

*  Memory transfer time (assume 40 ns memory for each read/write, 99
words, 2 clock cycles per transfer) 0.00792 ms

for a total of 0.30792 ms, or 0.3849 ms with cache penalty.
For this rather simple example, the source and bus delays are (the bus
hardware latency is contained in the previous topic):

» Source host side scheduling delay = 2.000 ms
» Source host side software overhead = 0.385 ms
» Bus scheduling latency = 2.510

» Bus hardware latency = 0.036 ms,
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EXECUTION SYSTEM TIME

TASK TIME (ms) (ms)
(Start of Minor Frame) —_ 0.0
EXEC 0.5
(End of EXEC) 0.5
NAV 1.5
(End of Nav) 2.0
NAV 11O 3.5
(End of NAV I/0) 6.0
KF 25
(End of KF) 8.5
PBIT 5.0
(End of PBIT) 13.5

FIGURE 10-1. Sample execution timings.

or 4.931 ms for source task to destination interface logic. If the destination host
side delays are comparable to those of the source (a task list must be provided
for the destination), then the total message latency is 9.862 ms.

Many analysts (or marketing agents) often simply compute the amount of
time needed to complete the data transfer cycles on the bus hardware. In
addition, the average scheduling delay, 13.5/5 = 2.7 ms, is sometimes used.
This would produce a latency estimate of 2.736 ms, much too low. Customers
of such analysts are often surprised that it is impossible to come close to the
predicted performance. Worst-case timings should always be used in design
analysis. This example is quite simple, but it illustrates two important concepts.

1. The overall message latency is much larger than the bus hardware
transfer time;
2. The software and scheduling delays dominate the message latency.

One final aspect must be discussed. The NAV_I/O is scheduled at 50 ms
intervals (20 Hz), but the latency is 9.862 ms This represents a 20% utilization
of this rate by this task, which is ordinarily adequate. However, the system
requirements may dictate a lower utilization to preserve resources for further
growth or time sequencing in the system. That is, I/O is normally scheduled at
a latency low enough to assure a high probability of successful service. A
designer can solve the latter problem another way.

Many algorithms must sequence messages correctly, as well as not miss any
message arrivals, in order to produce correct outputs. It could happen, for
example, that the destination misses one message group because it is servicing
a high priority hardware event. In this case, the algorithm may be presented
with the old data from the last minor frame. The new data from the next minor
frame, therefore, may represent a discontinuity.

As an example, suppose the sensor inputs are linear, and the algorithm
simply calculates and outputs the slope. The slope might be an output used for
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a hardware control loop. A correct sequence, such as {0.0, 1.0, 2.0, 3.0,..} for
sequential minor frames, produces the slope 1.0. If a minor frame is missed,
though, the inputs become 0.0, {1.0, 2.0, 2.0, 4.0,...} Therefore, the first inputs
provide the correct slope of 1.0, the next produces a slope of 0.0, and the last
produces a slope of 2.0. If the slope is used as a control signal output, these
changing values could cause oscillations or divergence, which is unacceptable.

The approach to this problem is message time tagging. In this method, a data
word is added at the beginning of each message which is the real-time clock
value on the host side when the message service request was entered on the
message originating agent. This can be made much more precise for some
systems. Many systems provide hardware which measures and provides a
system time, which accounts for skew between nodes, clock skew and drift,
and similar problems. However, for many algorithms, the time difference, not
the absolute time, is needed.

An algorithm can be provided in software which monitors the message time
tag and performs interpolations to minor frame boundaries. This is called
sensor deskewing, regardless of the source of the data. In the slope calculation
just described, the sensor deskewing algorithm would see that time stamps for
two successive frames were identical. This increments a minor frame miss
counter to be used for the overall time delay. The old slope would be used as
the output for frames in which a minor frame miss occurs. At the next minor
frame, when new data arrives, the difference in sensor data are divided by the
counter: (4.0 - 2.0)/counter, in which counter is now 2.0, not the value of 1.0
for no misses. This produces the correct slope of 1.0. The algorithm then resets
the miss counter.

There are many other applications of deskewing. Some algorithms produce
a mathematical result which is at the middle of the minor frame, not the end.
An example is a midpoint algorithm for differentiation. It may be critical to the
accuracy of such algorithms that sensor values be interpolated to the time point
of the calculation output.

10.1.2 FUNCTIONAL ELEMENT ANALYSIS

For the purpose of this discussion, a functional element is equivalent to a
computer hardware module of a specific type (see the discussion in the
introduction). Examples are data processor modules, specific I/O modules
such as MIL-STD-1553, bulk memory modules, and others. The analysis
associated with the functional elements includes performance analysis (espe-
cially throughputs and storage needs), interface analysis, and system factors
such as reliability, maintainability, supportability, and other issues.

However, functional analysis does not repeat the detailed examination of
these areas, but rather builds on the inputs from these specialty areas. The
system level interaction of these topics is the perspective of this discussion.

For tractability, the discussion assumes a loosely coupled architectural
approach. As the previous chapter suggests, the shared memory communica-
tion model is often the basis for a tightly coupled system, so performance issues
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demand that the designer avoid complex interactions of buses and software in
such systems. A loosely coupled system implemented as a network is statistical
in nature. However, analysis similar to that which follows can determine many
of the parameters that the analyst needs for the queuing theory models for
networks.

For convenience of presentation, the functional element discussion consists
of bus side and host side topics to mirror the interface analysis discussion. The
relationship of system requirements to analytical results is the topic of Chapter
10.3.

10.1.2.1 Bus Side Analysis

The bus side of the functional element refers to the bus interface controller
logic, reserved I/O memory, and cabling or signal lines which extend from the
module. Analysis must be performed for this type of hardware which involves
both system buses and backplane buses. Examples of both types are described
later.

Chapter 3 and other previous discussions present a general description of
bus side operation. This chapter probes more deeply into the system level
factors that impact interface performance. These factors include:

* Architectural implementation

» Physical and electrical characteristics of a communications channel
* Electronic packaging

* Communication protocol modes.

An earlier discussion presents architectural topologies and implementation
factors. It is inefficient to revisit this rather lengthy and complex discussion
even though this presentation touches upon many of the same issues. Also,
system analysis is the topic of Chapter 10.3, so this discussion presents only a
preview of formal methods a designer needs to solve functional element
problems. This discussion focuses on methods of behavioral modeling and
analysis of operations on a single module type.

The topology by which a designer interconnects system nodes is as impor-
tant as the message protocols. Each node and system communication channel
must provide sufficient performance and functionality so as to avoid a system
bottleneck. A very common example is the interconnect between a high per-
formance backplane bus and a serial bus, such as MIL-STD-1553. More
concretely, a 32 bit parallel bus might attain 15 MB/sec throughput, including
overhead. If this bus were directly connected, such as through a shared memory
interface, to a MIL-STD-1553, 1 MHz, serial bus (i.e., 0.125 MB/sec data
clock rate, much less with software overhead), then the performance of the
parallel bus would be wasted. One solution is to buffer the transfers by
collecting MIL-STD-1553 inputs over time until enough data are accumulated
to warrant a parallel bus transmission. During the interim, the parallel bus can
service the local, cluster interconnect, as well as other system interfaces, such
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as serial fiber optic buses. At the other extreme, another idea is to simply use
one bus for all functional element and cluster interconnects. This approach is
gaining popularity because of the emergence of massively parallel computer
architectures.

The systems engineer must identify bottlenecks because they limit growth and
deliverable performance. Additional system capacity can eliminate bottlenecks.

A related concern is the potential for a single point failure. The designer
must fashion the system topology so that failure of any single node or link
cannot render the entire system inoperable. This issue presents a serious design
problem to implementation of large numbers of point to point links, such as
might occur in a massively parallel system.

The systems engineer must identify single point failures because of their
potentially catastrophic impact to system operation. Additional routing capac-
ity can solve this problem. This capacity may simply consist of more channels,
or it may require a different type of channel.

In addressing these issues, the systems engineer must rely upon realistic
performance estimates. For example, performance calculations must not rely
entirely on behavioral simulations of the communication protocol, since theo-
retical bus performance is impossible to achieve because of practical physical
limitations. Specifically, there is a simple relationship between capacitance and
attainable transfer speed. The two main factors which determine capacitance
are, for many designs, either the transceiver logic or the number of modules in
the cluster. Once a signal is past the transceiver, the laws of Physics, not
protocol operation, determine maximum update rate.

Therefore, the transceiver design is an important, but overlooked, commu-
nications performance issue. Modern transceivers incorporate special logic
arrays which minimize capacitance. This allows high performance buses to
communicate more efficiently with high speed memory and processors. Cur-
rently, a safe upper limit for bus side designs is 40 ns response, or 25 MHz
Since advanced processors, and corresponding memory systems, operate much
faster than this, the bus transactions must be buffered. The designer can
accomplish this in at least two ways. First, dedicated I/O memory serves as a
buffer. When the buffer fills up, an entire block transfers to the program
memory from which the processor runs. Second, the bus interface control logic
functions with minimal intervention by the host side processor. In message
passing architectures, in particular, the host side processor usually initializes
protocol words, message size, and a pointer to the start of the data block.
During program execution, the application program updates the data block.
When the application completes this, the processor simply tells the bus inter-
face unit to send the block, which performs the transfer of the data to dedicated
I/O memory and, ultimately, on to its destination elsewhere in the system.
During the transfer, the processor can perform other tasks, which avoids
processor wait cycles. When the transfer is complete, the bus interface unit
signals the processor by setting an interrupt.
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This message scenario is very common for tactical aircraft, but simply
illustrates a more general rule. Recall that the three communication models of
Chapter 6 are message passing, shared memory, and networks. The message
mix of the application software must be the touchstone of selecting a commu-
nication model. Many of the bus side design issues stem from an inappropriate
match between the communication model and the message mix.

Another physical design impact is the length of the bus, or, as some systems
designers prefer to think of the problem, the number of modules contained in the
cluster. Once again, two effects are primarily responsible for this design impact.
The first is simply the end to end propagation delay of the bus. Good design
practice dictates that no module transmit faster than this end to end time to avoid
overlapping messages. In fact, two end to end times are really needed for
complete signal isolation because of possible reflections from the bus termina-
tion circuit. The other factor is the capacitance provided by each module. The
connector pins and traces on the module are obviously conductors, while the
module structure is a dielectric. The separation of conductors by a dielectric
produces a capacitance by each module which affects the entire bus system.

Electronic packaging is a closely related issue. The module size dictates the
connector selection, which limits the achievable bus complexity. For example,
if the logic needed for a particular bus type requires an entire side of any
module, then this bus selection severely limits how much capability can be
built into each functional element. One approach might be to limit module
memory, although memory size is normally a crucially needed resource to
match software requirements. In reality, there are no good alternatives for this
dilemma. It may be more efficient to look for other bus types in such situations.

Another problem is signal routing. Each signal line requires ground pins so
that sufficient electrical isolation occurs for good signal quality. A common
design rule is about three signal pins per ground, or a reduction in available pin
count by about 25%. Therefore, if the bus is very complex, uses a large address
bus, or provides a very wide data path, then the bus may be impossible to
implement in the electronic packaging approach chosen for the system.

The communication protocol modes also have an important consequence.
Most buses operate in many different modes, but only a few modes are likely to
be efficient for a given architecture. For example, MIL-STD-1553 hardware
supports polling, but in message passing systems, this generates tremendous
protocol overhead. Polling is really intended for systems in which MIL-STD-
1553 is used as a point to point link, or with a very small number of terminals.
Another example is the Pi-Bus suspend, which allows large messages to be
broken up and transmitted in parts so that other nodes can gain access to the bus.
The normal use of suspend, though, is not good design practice because of the
protocol and software overhead needed to save the bus state, start and complete
another communication process, and then resume the original message.

Many other system issues also play a role in bus selection and system
implementation. Reliability is an example: the greater complexity in terms of
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logic gate counts and signal line interconnects of the circuitry, the more likely
the failure of the system. This again drives a systems designer to select simple
buses. Maintainability is also an issue. The larger the number of pins in the
connector, the larger is the force needed to insert or extract the module. The
probability of computer damage by service technicians is linked directly to
high insertion forces. Once again, simplicity is an important design consider-
ation. Data security requirements may also limit the candidates that a designer
can use.

Therefore, one system level issue is to identify any performance bottlenecks
or single point failures. Also, physical characteristics, not protocol features,
may be the limiting performance factor. However, dedicated I/O memory that
serves as buffers can increase application software performance. The commu-
nication model on which the systems design rests must be appropriate for the
message mix. Finally, communication channel complexity is related to system
level reliability and maintainability

This chapter has explored the architectural and packaging aspects which drive
bus selection and interconnect choices. The KISS rule (Keep it Simple, Stupid!)
is a general and important design consideration. This rule applies not just to the
bus side, but also to the host side, as the next topic shows. The functional element
analysis on the bus side includes not just the performance estimate from interface
analysis, but also issues such as fault tolerance, reliability, and maintainability.

10.1.2.2 Host Side Analysis

Previous discussions provide general descriptions of host side analysis. This
discussion explores explored host side analysis in terms of its system level
impact. A detailed description of software execution is relevant to functional
element analysis, including the execution time allocation of the I/O task. This
causes some overlap with performance analysis, just as the previous topic
overlaps interface analysis. The purpose of this discussion is to provide some
design issues of system level host side analysis.

The host side refers to the processor on which the software executes, its
application program memory, any other supporting hardware, and the host side
memory bus. The processor may be a general purpose data processor, signal
processor, graphics processor, or other special hardware (described later). The
application program memory refers to the hardware from which user programs
execute. Supporting hardware may be other special processor types, such as a
diagnostic processor, or other controllers, timers, or supporting hardware. Fi-
nally, the host side memory bus is the communication channel that connects these
hardware elements. The processor normally performs the memory management
itself and therefore functions as the memory bus controller. This bus is typically
a parallel bus, 32 bits (or more) wide, which operates synchronously at processor
and memory clock speed.

The speed at which the processor can execute native instructions is an
important performance parameter. A hardware vendor often provides clock
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cycles needed per instruction. However, pipelines and multiple execution units
can greatly speed up the execution rate. For modern, military, RISC data
processors, this principle allows the average execution rate to be at or below
one instruction per clock cycle.

Generally, the memory system includes local memory and cache memories.
The cache memories must be zero wait state, which means that the cycle time
(not just access time) for a read or write must be faster than one processor
clock. If this is not true, then the processor stalls on each access and must insert
wait states. However, fast memory is expensive, so while cache may be zero
wait state, local memory is usually not. As a result, when a cache miss occurs,
the application suffers a performance penalty because of the overhead associ-
ated with flushing cache to local memory, as well as the slower speed of local
memniory. These trade-offs underscore the importance of carefully selecting the
processor-memory architecture best suited to the application. See Part III to
revisit the candidate types.

Supporting hardware is unique to the application for the systems design.
Examples are microcontrollers, memory controllers, or other logic types.

Finally, the memory bus is the primary connect between the processor and
memory systems. Most hardware vendors provide detailed electrical and be-
havioral descriptions of the memory interface in the processor data sheets. This
information allows the designer to calculate cache miss penalty, and related
performance parameters.

This background, provides the basis for generating the software execu-
tion time requirements, such as those in Table 10-3. The following factors
supplement the hardware information:

» Benchmark results from the Ada vendors
« Historical data
+ Other analysis, such as simulation.

Refer to Chapter 9 for methods of performance analysis.

Although this presentation does not revisit the performance issues in detail,
there are some additional estimating methods that can be useful. The following
procedure can provide an initial estimate. First, estimate the number of lines of
code in the application, which is normally available very early in the design.
Next, find a benchmark with characteristics similar to the application. For
example, if the application intensively uses floating point operations, Whet-
stone might be a good benchmark for this use. Next, determine for the bench-
mark code size and execution time a hardware system as close as possible to
the new design. Also, use the same Ada compiler for the benchmark as will be
used for the application, if possible. The code size (i.e., not program size, but
code segment of the link map) corresponds very roughly to one instruction per
word (not byte) of memory needed. The ratio of code size and execution time
therefore gives an approximation to the average number of instructions per
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second which the processor can execute. This result can be scaled the size of
the application relative to the benchmark to produce an execution time.

Suppose a benchmark consists of 1,000 source lines, produces 23K words
of code when compiled, and executes on a system in 100 us. For an application
estimated to contain 15,000 source lines, the code expansion factor from the
benchmark suggests that the application code size will be 345K words of code.
Finally, the execution speed of the benchmark suggests that the application will
require 100 ps - (3*3/23) = 1.5 ms.

The analyst must compare these calculations to historical results available
as a check. Experience shows, for example, that the relation between source
lines of code and instructions varies considerably within a typical range of 0.4
to 1.6. In addition, select avionics code to use for a benchmark, if available.
Finally, avoid extravagant extrapolation in sizes and speeds beyond factors of
10 to 15.

Once the new application software is available, the systems designer can
refine these estimates considerably. The compiled code provides insight into
performance, as the previous part describes. Therefore, the host side analysis
is an iterative process.

The system requirements often include a reserve capacity, typically 50% for
a new systems design. In the case just described, the reserve requirements
require that 3.0 ms, not 1.5 ms, be set aside for this program. Reserve require-
ments are usually not included in schedulability analysis, though, since being
too conservative can result in very costly hardware to meet the performance
requirements.

The design issues that impact host side analysis include processor-memory
architecture, software requirements, and performance reserve requirements. In
addition, application specific requirements may be difficult to meet. Data
security may be an example.

10.2 DERIVED COMPONENT REQUIREMENTS

The requirements process is one of the topics of the next part. However,
a brief overview may be helpful. The customer, which is the Department of
Defense for tactical aircraft, provides a weapon system specification to the
aircraft prime contractor as part of the procurement package (i.e., contract).
This massive package contains high level requirements for all aircraft equip-
ment, including engines, airframe, ejection seats, auxiliary power units,
landing gear system, and so on. Avionics often merits a single volume of a
total of twenty or more. Without the incentive provided by numerous horror
stories, program managers might miss the documents containing avionics
requirements entirely.

The avionics volume matches top level functions with aircraft missions and
mission phases. The prime contractor must develop these requirements into
detail specifications for separate computer components. The detail specifications

Nintendo Exhibit 1024
Page 037



Analysis Examples 229

are the basis of prime contractor awards to subcontractors for equipment devel-
opment and purchase. The subcontractors must relate the requirements in the
detail specifications to aspects of components for the design. Therefore, this
lowest tier of documents contains derived component requirements.

All derived requirements must be traceable back to the weapon system
requirements. If this process performs properly, any requirement which cannot
be so traced does not contribute in an important manner to the aircraft mission,
and the systems engineer should delete it.

This chapter presents some sample system and derived requirements. The
presentation then relates the parameters described in the interface and func-
tional element analysis to these system requirements. Finally, the text includes
some examples.

A more detailed description of cluster and system requirements analysis and
test are provided in later parts.

10.2.1 SYSTEM AND DERIVED REQUIREMENTS

One of the main system requirements that flows down into module design
trade-offs is reserves. Normally, the system specification requires that a design
offer a 50% reserve in order to assure room for future growth, as well as
requirements changes during the design phase. Reserve requirements include
the three areas of processor throughput, I/O channel throughput, and memory
size versus code size.

In addition, the system requirements normally state that the design must
meet the reserve capacity under worst-case loading, not average loading. This
can become a significant issue during requirements analysis because there are
often large peaks and valleys in resource utilization over time. In addition,
some statistical simulations produce time averaged results, not instantaneous
utilization (see Chapter 9). Therefore, the results of such simulations are not
appropriate for requirements validation.

In the early stages of development, high level software requirements are the
basis of allocations to hardware. Often, this corresponds to simply a list of
software functions which the system must perform and an estimate of source
lines of code. The systems engineer can combine these estimates with historical
avionics functional performance data to produce a list of processor, I/O, and
memory requirements for each major function. The team continues the design
process by mapping the major functions onto hardware on the basis of perfor-
mance estimates from benchmark results. The next topic describes this process
in more detail.

One system level design goal should be to minimize the number of hardware
modules and module types in order to control product price. These factors drive
the ultimate bus, processor, and memory component selections. Earlier parts
provide examples of such design issues. Once again, reserve estimates are an
important factor in such selections because the common module designs must
be based on the worst-case loadings for the entire system.
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10.2.2 PARAMETRIC DESCRIPTION OF REQUIREMENTS

In this topic, the relationship of some of the performance parameters and the
functional element requirements is examined. Many of the issues previously
mentioned, such as architectural implementation, electronic packaging, and
other system issues, are discussed at length earlier in this volume, and are not
further explored in this part.

Once again, formal systems engineering methods are the topic of Chapter 11.
However, one aspect of a successful design process is the capability to track
Technical Performance Measures (TPMs), as described in MIL-STD-499B. A
list of TPMs is a formal method, suitable for management use in design audits.
The parameters this part describes are examples of suitable candidates as TPMs.

The first parameter is processor throughput. Processor throughput esti-
mates can be based on at least the three key elements of compiled code
analysis, simulation, and historical data. Refer to Chapter 9 for more details
on performance analysis.

If an Ada compiler is available for the target processor, an analyst often
bases an initial estimate on code analysis of standard benchmarks. That is, the
number of clocks per low level instruction, provided by the manufacturer, can
be the basis of a performance estimate. This estimate usually requires refine-
ment to reflect the performance gains attributable to pipelines or multiple
execution units. Once again, the hardware vendor can supply this information.

A software execution scenario is another necessity for throughput estima-
tion. This must include a timeline of features such as tasking overhead (context
switches and cache misses) and interrupts due to timers and I/O. There are no
universally accepted procedures to establish this scenario. In fact, since formu-
lation of an artificial scenario can be quite lengthy (and cause the team to vent
considerable emotion), many system integrators now routinely use actual
avionics code as a benchmark.

The software execution environment, in the early stages of systems design,
can only be based on historical data and the functional breakout described
previously. As the software requirements and hardware design begin to mature,
this can be refined by simulation and, ultimately, hardware test.

Message scheduling and message latency are two significant I/O param-
eters. Once again, these can be estimated on the basis of simulations and
historical data. The message latency is usually specified in the SRS based on
the algorithms used in the software.

The capability to provide accurate estimates for these system parameters is
the object of interface analysis. The functional element analysis uses these
results to estimate the delays involved in routing information among many
nodes within the system. An example follows.

10.2.3 EXAMPLE
The simple communication example shown in Figure 10-2 is the topic of
this part. The focus is on the detailed parameterization of the functional
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MIL-STD-1553
(to Bus Controller)

MIL-STD-1553 Data Processor
Module Module

16 Bit Pi Bus

FIGURE 10-2. Simple communication example.

element and interface performance. As such, the example is predicated on a
very simple application software program. The impact of performance param-
eters on system capability, as well as more complex software situations, are
topics in the next part.

For this example, two functional elements connect using a parallel Pi-Bus.
The first functional element is a data processor module, while the second
functional element is a MIL-STD-1553 interface module. This discussion
illustrates the impact of the performance and interface analysis on system
capability.

Suppose that the software on the data processor module produces a simple
navigation output. This might involve numerical integration with respect to
time in which the calculations must meet a step size (i.e., At) in order to assure
the accuracy of the outputs. Therefore, the basis of the SRS requirements is the
numerical analysis of the algorithm. More specifically, suppose that the algo-
rithm involves Simpson’s Composite rule for numerical integration. Then, the
integral with respect to time is given by:* J a(t) dt = (AY2) - [a(to) + a(tf) +
2 - Z a(ti)], with to and tf the limits of integration, and ti = to + At - i. The error
in this equation is bounded by [(tf-to) - a”({1)/12] - [At]?, in which a”(p) is the
maximum value of the second derivative on the interval. In the system, a(t)
may be some sort of data input, such as a sensor value which represents
acceleration. Therefore, the accuracy needed for the output, velocity in the
example, is directly related to the step size and sensor update rate. Since the
sensor data ordinarily comes from a special hardware interface, this places a
limit on latency for the message containing acceleration. For example, suppose
that the desired output velocity accuracy is 1 foot per second and that the error
term can be estimated as a”(W) - [At]*=a,,, = 9g. The maximum acceleration
of 9g (g = 32.2 feet per second?) dictates an integration interval of less than
0.0414 seconds. As a result, if this algorithm updates in the system faster than
every 40 ms, the output meets the requirements.
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Once the requirement is formulated, the system implementor must prove in
additional analysis that the hardware and software design can actually perform
the update needed in the specified amount of time. For this purpose, a prototype
message schedule must be developed. Suppose that the navigation calculation
involving the integration requires 5 ms to execute. In the remaining 35 ms, if
the integration involves 7 integration points, the acceleration inputs must arrive
at least every 5 ms (or faster) at the calculations.

The message latency within the data processor functional element and
cluster is the next parameter. To produce this value involves estimation of the
software and backplane bus protocol overhead involved with the transfer,
specifically the message latency between the arrival of the acceleration input
at the I/O module and its receipt by the numerical integration task on the data
processor. The I/O module can collect data and transfer it as a block each time
a new calculation must be performed, or the transfers can be done in smaller
segments. For a Pi-Bus transfer similar to those described in the last chapter,
a transfer of the entire block needed for the calculation of the 7 words.

Overhead/message: 18 clocks
Waits/message 14 clocks,
Total data cycles 7 clocks
Waits for data cycles 7 clocks, or

46 clocks at 12.5 MHz, which gives 3.68 us. This must be derated by the
software overhead, which produces a result in the range of 10 to 15 ps. A
second message contains the velocity output, which the application produces
every 40 ms.

In this simple example, The software on the data processor might involve
three application tasks: one for I/O, a second for the integration, and an idle
task which is a spin loop. The priorities of the tasks are I/O (high), integration
(medium), idle (low).

These priority assignments assure that I/O runs whenever new inputs are
available and the integration follows such an update. A enumeration variable,
SYSTEM_STATE = (I/O, INTEGRATE, IDLE), can identify or trigger changes
in system state.

The I/O task starts and then hibernates until the data block arrives, indicated
by SYSTEM_STATE = I/O. Upon arrival, the I/O task transfers the data block
from I/O memory to application program memory and provides the output
message and control information to the interface logic. The I/O task then sets
SYSTEM_STATE = INTEGRATE and hibernates again, awaiting the next
update, triggered by a timer interrupt.

The integration task triggers when the I/O task sets SYSTEM_STATE =
INTEGRATE. If no change occurs, then the integration task hibernates and the
system idles. After an update, though, the integration task resumes its calcula-
tions to produce an output. Notice that the integration produces the velocity
change over a 40 ms interval, but this output is not placed on the I/O channel
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until the next 40 ms minor frame. This is typical of sensor input calculation
output algorithms which demonstrate a latency of at least two sensor update
frames. Upon completion of the integration, the integration task must set
SYSTEM_STATE = IDLE, then hibemate.

The idle task starts when SYSTEM_STATE = IDLE. This task might
actually perform module diagnostics or some other system function. As is
typical for such applications, they run in the background, which means that
these functions only run when nothing else is ready to execute. This is some-
what like scheduling highway repairs during low rate traffic hours, such as at
night. The idle task might also monitor the I/O interrupt (or I/O hardware
status) and change SYSTEM_STATE to I/O when this interrupt occurs.

The basis for the processor throughput analysis for these functions includes
memory transfer times for the I/O task, calculation time for the integration task
(probably derived from prototype code or historical results), and specified
execution times for the diagnostic routines.

The analyst must derate these values for stower memory speed during the I[/O
activity, as well as two context switches per task activation. For example, for the
1/0 task, the memory access to the 80 ns I/O memory requires 0.56 pis for the 7
input words. A similar delay occurs with the outputs of the calculations.

The total execution time of the integration portion of the velocity calculation
182

« 7 data reads at 40 ns (from local memory, not I/O memory), or 0.28 s,

* Approximately 7 additional data fetches, or 0.28 s, due to cache misses
(the I/O data are likely stored in local memory),

* 7+ 5 =12 multiplies, 6 adds, one division (see algorithm above) at 40
ns each (one clock cycle per 25 MHz instruction), or 0.76 s,

«  Two context switches at 100 us each.

This provides an estimate of 0.201 ms for the integration. Combined with the
previous estimate of 0.003 ms for the I/O task, this means that the idle task runs
for over 39 ms out of the 40 ms cycle time, if this were the only calculation.

One additional aspect that an analyst must consider is that a system cannot
simultaneously achieve maximum processor and interface throughput. A model
which linearly relates these parameters may be an appropriate basis for inves-
tigating whether the module can fully meet the performance requirements. The
designer must verify that the design can meet reserve requirements throughout
a representative portion of this envelope.

The code size estimate is most solid when founded on prototype software
for an application which is comparable in complexity to the actual application.
On the basis of this estimate, the projected memory reserve emerges.

The numerical integration example is unrealistically simple, but it illustrates
some impacts of throughput, scheduling, and latency on reserve requirements.
A systems designer would likely not allocate high speed memory and proces-
sors to a software application that idles over 99% of the time unless some sort
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of high bandwidth asynchronous event must be handled. Also, an aircraft
traveling 300 knots represents a 5 nautical mile per minute rate, or 506 feet per
second. At a constant speed, this aircraft travels 20 feet in the 40 ms frame time.
Typical weapon delivery algorithms assume more accuracy than this, so the
system requirements may not correctly relate to operational requirements.

The analysis of the /O module is similar. In fact, many common module
families have identical data processor and base memory configurations. If the
modules of Figure 10-2 are of this sort of design, then the same estimates apply
as for the data processor module.

In system analysis, end to end latency determines system capability. This
means the amount of time delay from the sensor input transmission to the I/O
module to the time when the navigation result is received by the destination.
Consequently, the analyst must include a second bus side analysis, for the
MIL-STD-1553 interface.

MIL-STD-1553, as well as some other bus standards, rigidly defines the
maximum permissible response time. For this simple example, the output is a
single word message. The word length on MIL-STD-1553 is 20 bits (16 bits
data) and the clock rate is 1 MHz If the cluster shown in Figure 2 operates as
a Remote Terminal (RT) and the message is sent to the Bus Controller (BC),
the message sequence is:

» BC sends a command word to the RT to initiate the transfer (i.e., BC
reads the RT)

* RT response time

¢ RT responds with a status word and the data word.

The message latency is (a bit time is 1 pys at 1 MHz):?

Control word 20 bit times
Response word 10 bit times
Status word 20 bit times
Data word 20 bit times

It is also customary to add an additional end of message delay equal to one
word (20 bit times) for termination of the message. Therefore, in this example
of 7 sensor inputs, the bus transmission requires 0.190 ms. For systems with
additional messages, the estimate must also include an intermessage gap. The
next part provides more detailed examples.

The bus loading is also a common method to parameterize I/O reserves. In
this example, since the system schedules the output at 40 ms, this message
contributes 0.48% to bus loading.

The software and hardware considered for this example illustrate as simply
as possible the estimations needed early in a design for reserves. The next part
treats more complex designs at the system level.
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10.3 SYSTEM ANALYSIS EXAMPLE

This part explores the impact of node performance and interface analysis on
the functional element network, or system. The analysis of storage nodes (i.e.
memory modules) is similar to the other module types and is therefore not
specifically elaborated. The systems analyst is responsible for early estimates
of I/O and processor performance reserves, memory capacity reserves, and bus
loadings.

In addition, as part of this analysis, the systems engineer must identify any
bottlenecks or single point failures. Other factors, such as data security, may
play important roles in the design from the earliest stages.

The key inputs for this analysis and their sources are:

+ Functional requirements of the computer hardware (System Specification)
+ Functional requirements of the software (SRS)
» Interface requirements of the software (IRS).

The first step in the analysis involves either deriving or obtaining software
task schedules and interface message schedules.

From this information, the analyst can derive the output parameters for each
functional element and interface, such as message latency, processor throughput
needed, and storage space (memory size) needed.

The analyst may derive these parameters on the basis of historical data,
analysis of data bus specification timings, examination of compiled code,
benchmark results from prototype hardware test, or simulation.

Earlier text provides an informal evaluation of program cost, schedule, and
high level technical goals. In this chapter, the analytical techniques of the
previous two chapters provide a basis for a more careful proof that the baseline
design meets the technical requirements. The exposition of the examples
addresses the following specific topics:

* System level message scheduling

* End to end message latency analysis

» System mass storage requirements

+ Selection of different modes of operation for system buses.

This discussion addresses some high level performance requirements among
various processor types. The analysis includes the system level topics, such as
end to end message delays, comments on bottlenecks, and comments on single
point failures.

The topic of this chapter is the technology retrofit, an upgrade to an existing
aircraft architecture that Part V includes. The previous focus is trade-offs regard-
ing power, weight, volume, schedule, and cost. This subchapter examines the
technical performance of the design baseline.
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The discussion begins with a description of the system requirements, as well
as a summary of the existing system and proposed design. The presentation
concludes with a detailed analysis.

10.3.1 SYSTEM REQUIREMENTS

The proposed upgrade involves replacement of the Display Processor (DP)
and Mission Computer (MC). There are general computer resource requirements
which apply to both, as well as unique requirements for each.

There are five general computer resource issues that the systems designer
must face. First, the software must be coded in Ada. In addition, a common
software support environment is required, which means that the same Ada
compiler and software support tools must be used for both computers. This
relates to the second general requirement, which dictates a common data
processor for all new designs for the aircraft. The third general issue deals with
reserve capacity and growth. Each functional area must provide 50% perfor-
mance reserves relative to the baseline software needs at the time of delivery
for processor throughput, memory size, and I/O throughput. The fourth general
requirement is that the software be loadable via the MIL-STD-1553 interface.
The fifth general requirement is that the design shall not contain parts which
are near or beyond obsolescence.

The primary functional requirement for the display processor is to produce
video outputs which drive up to three displays, to support the following
subfunctions:

« Aircraft engine and fuel status

*  Weapon arming and status

+ System diagnostics

» Navigation/waypoints display appropriate to the navigation facilities
which the crew selects

» Communications equipment summary report

*  Primary flight instruments display in Horizontal Situation Indicator format

+ Primary flight instruments display in Vertical Situation Indicator format.

The display processor function must accept inputs from the Mission Com-
puter, calculate the outputs needed for the display which the crew selects, and
generate the video signals. In addition, the display processor function must
provide a diagnostic operation which monitors the mode and submode of
operation of this function.

The MC must provide the following functions:

» Network management, involving message routing and error detection
» System safety checks involving a double check of weapons status,
especially the capability to jettison
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» Backup modes, in the event of failures to other aircraft computers, which
allow degraded modes of operation to include weapons jettison, fuel
dump, return to base navigation, primary flight instruments.

The operation of these functions in the existing system is the next topic.

10.3.2 DESCRIPTION OF EXISTING SYSTEM

The existing system is a tactical aircraft with federated avionics. The system
interconnect is two MIL-STD-1553 data buses. Two Mission Computers (MC)
are Bus Controller (BC) on one MIL-STD-1553 bus and backup bus controller,
or Remote Terminal (RT) in normal operation, on the other bus. These computers
act as system controllers since all messages are either BC-RT or RT-BC. This
means, in effect, that all messages to be sent from one subsystem to another must
be sent to a MC, reformatted, and retransmitted to the destination subsystem.

Two Display Processors (DPs) are provided which have RT interfaces on
each of the two primary buses. In addition, the DPs utilize RS-170 as a control
interface and produce standard raster and stroke color outputs to the Cathode
Ray Tubes (CRTs).

Figure 10-3 (Figure 9-29 reproduced here) shows the system block diagram.
This architecture is federated, since each avionics function is mapped onto a
separate computer.

The system avoids single point failures by duplication of each hardware
element. This includes multiple MIL-STD-1553 buses, dual MC, and dual DP.
In addition, each computer has software backup modes which permit continued
operation if any single computer should fail. On line diagnostics are likely to
include loop back tests, in which each computer (MC or DP) sends a diagnostic
message to the MC, after which the MC sends an acknowledge.

The mission computers represent a possible system communication bottle-
neck since each message must transfer to a MC, then cycle to its ultimate RT
destination. This issue often becomes important with federated systems whose
performance is marginal.

A mature system usually does not meet the 50% reserve capacity require-
ment. This is ordinarily acceptable since functional requirements are stable for
a mature system. However, reserves again become an issue if the addition of
new system functions is the motivation for the upgrade. This is especially true
if system performance is marginal.

Finally, hardware parts obsolescence may be another motivation for the
upgrade. At some point, microcircuits become so old that the original suppliers
may stop production, or even go out of business.

10.3.3 DESCRIPTION OF PROPOSED SOLUTION
The proposed solution is the Integrated Mission/Display Computer (IMDC).
This approach is similar to numerous retrofit programs which are moving
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MC1
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Dual
Other RTs 1553 Other RTs

MC2

FIGURE 10-3. Tactical aircraft baseline architecture.

slowly to functionally integrated subsystems. Display Processing (DP) and
Mission Processing (MP) are the two most common starting points for the
functional integration.

The IMDC baseline consists of the following hardware elements:

+ Two newly developed data processor modules

» One newly developed special Input/Output (I/0) module
» Two off-the-shelf graphics processor modules

«  Two off-the-shelf MIL-STD-1553 modules

*  One off-the-shelf power supply module.

Actually, it is possible to combine the graphics and data processing func-
tions rather easily into a single module type. The combined module provides:

+ 4 Intel 80860™ processors, programmed in concurrent (multiprogramming)
Ada

* 8 MB of memory

« A VME interface.

The I/O module provides the video signal outputs. Since these signals are
analog, a detailed analysis is quite lengthy and complex. Therefore, the analysis
of the next topic focuses on the digital channels.

MIL-STD-1553 modules provide:

¢ Two, dual redundant, transformer coupled, MIL-STD-1553B bus interfaces
per each module

* A 1 MB buffer memory

» A VME backplane interface.

The power supply is also analog and the subsequent analysis does not
include its functional details. However, careful analysis is important because
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power supplies historically represent a reliability problem area. On the other
hand, a complex engineering analysis of the power system offers little new
insight into the design process, which is the topic of this discussion.

The primary timing requirements for the power supply relate to start-up
time, sequence time after commanded reset, shut down time after system error.
Therefore, the power supply timings for normal system operation are usually
not a performance issue, as these timings relate to error recovery or start-up
procedures.

The software architecture consists of two Computer Software Configuration
Items (CSCls), one each for the DP and MP functions. This software contains
numerous error recovery and backup modes, as with the original. An important
difference, though, is the capability to more closely isolate hardware errors and
limit the propagation of any erroneous data within the system due to a failure.

The message mix for the navigation display involves 50 data words, which
are transferred as 5 messages of 10 words each.

The analysis in the next topic examines the compliance of this design
approach with the technical performance requirements,

10.3.4 ANALYSIS OF PROPOSED SOLUTION

The baseline design easily provides sufficient memory and processor through-
put capacity. The I/O requirements are less transparent, though. An example of
a message latency requirement is an end to end message latency of less than
0.5 seconds from the MP to navigation system and return to display. The value
of 0.5 seconds lag time (not video refresh rate) is the visual threshold that may
be confusing or misleading to the air crew.

The first requirement relates to the display of navigation information. The
navigation subsystem usually provides a simple latitude/longitude output, but
the mission computer navigation manager calculates a best guess, based on
input blending. These inputs include the inertial navigation unit, and radio
navigation inputs such as Global Positioning System. The message latency
requirement stems from the need for the air crew to correlate the navigation
display with the inertial subsystem output. If this delay is too large, it becomes
confusing to the crew whether the navigation manager is functioning properly.
In addition, there might be a test mode, which simply passes the inertial
solution through the navigation manager to the display, to check the video
interface. Once again, excessive delay in the test mode might cause confusion.

The following message scenario describes the communication:

» The navigation manager solicits inputs from the MIL-STD-1553 interface
from five other subsystems which contain navigation solutions

» The navigation manager must process these inputs

» The navigation manager sends the solutions to the display processor

» The display processor generates the graphics image and provides this
output.
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The MIL-STD-1553 inputs are responses to the BC, in this case the navi-
gation manager running within the MP CSCI. Each RT responds when inter-
rogated by the BC. Since the message formats are similar, the BC simply
sequentially strobes each RT within its own 50 ms minor frame. Operating in
RT-BC mode, if each message contains 10 words, the time required for each
message is 40 + 20 - 10 = 240 clocks per message.! Each message is separated
by 100 clock cycles of intermessage gap (worst-case), so the total time for the
1 MHz bus is 340 - 5=1.7 ms. In contrast, if RT-RT mode is used to
communicate directly (the navigation manager would likely be part of the DP
CSCI), then 116 + 20 - 10 clocks per message would be needed for a total of
2.08 milliseconds for the transfer. Although RT-RT mode requires more bus
time, it can sometimes reduce the amount of processing needed and ease
system communication bottlenecks.

The navigation manager software within the MP CSCI must perform MIL-
STD-1553 /O with navigation elements, process inputs to produce an output,
and provide the output to the DP CSCI using the VME backplane 1/0 interface.

The MIL-STD-1553 software interface generates considerable overhead
due to the need to pack and unpack data words into appropriate binary formats.
This overhead consists usually of a procedure call and processing such as
shown in Figure 10-4. An example calculation for this overhead is:

+ One interrupt service routine time at 15 s
* 50 procedure calls (one for each data word) at 15 us each, or 650 us
* 50 processing times of 0.28 ps.

This produces a processing time estimate of 779 us total. One interrupt
service time, not 5, is added because a good systems design would transfer all
50 words in a single block from the MIL-STD-1553 module to the processor
module, using multiple MIL-STD-1553 messages.

The DP CSCI resides on the same module as the MP CSCI, so the transfer
time is simply a memory copy, or 4 {s at 25 MHz, two clocks for each of 50
words.

The VME hardware latency occurs during the transfer from the MIL-STD-
1553 module to the data processor module. The VME block transfer operation
is very similar to the Futurebus+ message passing, which the previous bus side
analysis includes. VME allows up to 236 bytes per block transfer, so that each
of the five messages of ten 16 bit words (two bytes) can transfer in a single
block. In addition, there is one master acknowledge and one slave acknowl-
edge, as well as approximately 150 ns host side set up time. This results in an
estimate of (100 bytes data + 2 bytes acknowledge) - 40 ns + 2 - (150 ns
setups) = 4.38 us. As usual, the bus hardware is fast enough to be essentially
zero wait state, but this speed must be derated for software overhead. A factor
of 3, is common, which gives about 13 us.
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procedure UNPACK is

(REAL_OUT : float; — Output from this procedure
INT_IN : UNSIGNED; — Input between +32767 and -32768
SCALING_FACTOR : float; = — Scales if the output range is not from +32767 to
-32768
OFFSET : float) — Offsets if the output is not centered on zero
begin

REAL_OUT : = (float(INT_IN) - SCALING_FACTOR ) + OFFSET;

end UNPACK ;

OPERATION # TIME (us)
Type conversion 1 0.12
Floating point multiplication 1 0.04
Floating point addition 1 0.04
Store floating point 1 0.08
Total 0.28

FIGURE 10-4. Sample MIL-STD-1553 unpack routine.

The sum of these factors accounts for an end to end latency of 1,484.
However, the host side delays on the MIL-STD-1553 module and within the
navigation subsystem must also be included in the estimate. Although processing
and memory times are approximately the same as before for these elements, this
is not the correct approach since the data processor accesses these resources
asynchronously. This means that the navigation sources update their output
buffers on 50 ms boundaries, but these minor frames are not synchronized with
the data processor minor frames. In addition, the slave software on the MIL-
STD-1553 module introduces a similar skew, as does the DP CSCL. In short, at
least two minor frame delays must be added to the overall message latency to
account for scheduling skew. This accounts for 0.100 seconds, which dwarfs the
hardware response times. For some systems, this type of delay is unacceptable
and a system time can be provided for all modules with excellent resolution.

This example shows that a verification of system requirements must include
two distinct types of calculations. The first calculation deals with hardware
performance and provides an estimate of how fast the hardware can respond
from one end of the system to the other. The second factor is scheduling
latency, which accounts for software and message scheduling in the nodes. In
general, the software latencies will dominate the overall message latency, but
the hardware response time is needed to verify that adequate performance is
available. Proper integration, though, usually results in hardware latencies
being negligible, but scheduling latencies being important.
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