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AVIONICS SOFTWARE DEVELOPMENT - EXPERIENCES

FROM THE B-1 PROGRAM

E. F. Read

Boeing Asrospace Company
Seattle, Wasmingion

Abatract

The successful development of B=1 Avicnics
software has stemmed from basic planning
decisions af the program's outset. The program
manager designated software s a major engineering
organization snd allocated task and budget
responaibility accordingly. The program chief
enginesr institoted engineering-wide event
scheduling and reqguiresénts allocafion tasks
in which scftwars perscmnnel were significant
contributors. Thase planning decisicns,
theugh few in ousber, sstablished software am
a bonafide engineering discipline and created
the savironment for effective software management.
The software manager in turn established
policies governing milestone definitions,
documentat ion formats, testing approach amd
software configuracion sanagement. With
adjustments, these policles are proving to be
effective during continued development and
flight testing.

Introduction

Simce 1972, Boelng has been the Avionlcs Sub-
aystems Interface Contractor for the Alr Force
on the B=1 Manned Bomber program. The Iinitial
contract was to develop, integrate, and flight
test offensive aviondca. A significant feature
of the avionics system deaign was the utiliza-
tion of several equipment items already opera-
tional on other Alr Force programs. The contract
was expanded to include defendive avionics in
1974,

The primary contract objective has besn to
integrate avionics equipment items Into an
operational gystem. Two key englneering tasks
in accomplishing integration were the allocation
of requiremsnts to hardware and software and the
developsent of the operationsl software to meet
allocated requirements, Software is m critical
element in the avionics architecturs because it
integrates the sensor, command and response data
from the many hardware components to provide
tequired system cepabilities. Because of its
adaptability to changing requirements, socftware
remains a critical element throughout the life
of the avionics system.

Fn formalieed software msnagement concept
existad at Boeing in 1972. Concepts had been
developing om other programs with esbedded
computers, particelarly AGM-69A (SRAM) and
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E=34 (AWACE). While the software efforts on
these programs were quite successful, 1t was
apparent that additional emphasis was needed
in certain areas.

1. System and software requirements
should be defined and clearly wnderscood be-
fore beginning significant software or hardware
depign effort. # 3 .
2. Software documentatiom should be
an integral part of phased software development,
with format, content and releases keyed to
contracrual and program events.

3, FPhased, comprehensive scftware teating
should include integrated software testing,
within a dynamic and realistic environment
and with strict comfiguration comtrolse, prior
to release of software for aystem valldation
testing.

4. Software development should be integrated
with corporate and program level standards and
controls, with additional sofeware standards
and controls established to permit efficient
and relishle respomas to change regquitements
throughout the development cycle.

Based on these past experiences and lepsona
learned, and with support of program management,
a software mansgement approach was conceived and
implemented. The approach worked well in develop-
ing the baseline B=1 Avionics software comfigura=
tion. With sdjustments to the original planm
based on experience scquired during baseline
developmant, it 18 being effectively applied in
the continued development and flight test eaviron-
ment where orderly change processing is essential.

System/S5oftware Descripti

E-1 Aviondice is partitioned into of fensive
(compunicate, navigate, deliver weapons) and
defensive (penetrate) subsystem groups. Offen-
give subsystem development was begun Iin early
1972, with flight testing still in progress.
Defenaive subaystem development go—ahead was
recaived in early 1974, with flight testing
schediled to begin in early 1979. The follow-
ing paragraphs describe system hardware and
software and briefly discuss the Computer
Program Development Items (CPCIs) dewveloped
to support B-1 Avionics integration.
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The System

As in many modern-day electronics systems,
egbédded computers are critlcal components ina
the B-1 Avionics System. A8 shown in Pigure 1,
three computers (avionlce control umitsa) form the
"heart™ of the system. An avionles multiplex
eyetem of seven one-megashertz asynchronous serial
digital channela provides the “arteriss™. The
computers are Singer-Kearfore SEC-2070 procesa-
ora with 32K of 12-bit memory, seven bildirection=
al serial digital channels and ewo wonddirectional
paraliel digital channels. They are aupported
by oh IBM mass storage unit with 5268 of l6~bit
words, a Raymond Engineering Data Entry Undt
(tape cassette) with 430K of lé-bit words,
and a keyboard/display integrated into the
Controls and Ddeplays Subsystem. Other syatem
components lnclude LE-155 Tnertial Hessurement
Units (Litton), APH-200 Doppler Eadar (Teledyne
Ryan}, APN-194 Radar Altimeters (Homeywell),
APG=144 Porward Looking Redar (Cemeral Electric),
and APQ=146 Terrain Following REadar (Texas
Instruments). These colponefts were adapted to
the multiplex system uslng Boeing-developed
interface terminals.
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Figurs 1: Avionics System Block Diagram
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Operational Safbware

The operational sofrware in the aviendcs
control unite integrates the diverse components
and subsystems into an effective svicnics
system. As an exanple of subsystem operation,
Figure I shows the Flve offensive softwars

functions with their major external and internal
interfaces.

The sxecutive Functionm inltializes the system,
performs prée-operational aystem validation, and
msnages real-time imput-output, interrupt hand-
ling, snd task scheduling. The sxecutive in one
of the control unlts acts as the controller of
the avicnics muleiplex system. Features include
major/minor frame task allocation; program/data
roll-in [rom mass storage or data entry unit:
mission essential software backup; and muclear
clrcumvention comcrol.

Ihe controls and displays function services
CRT displays, kayboard, and control panels;
processes sennor inputs; and perforns mission
sequencing. Opeérator decisionn are aided by
displayed loglc trees. FPanels and displays
are backed up by integrated keybosrd and mulci-
function display.

The navigation function services the inercial
measurenent unite; performs dead rechoning,
inertial and Kalman-aided navigation; and isaues
avionics steering commands. Independent 17-atate
Kalman filters support the two lnertial measure-
ment units.

The weapon delivery functiom coarse aligns
and fine aligne the missile inertial platforma;
computes impact podnts and launch footprintasj
controle weapon laumch/{ettison sequences; and
performs simulated launches for test and traio-
img. Up tc 24 S5RAM missiles can be aligned
and independently tcargeted. Stores selection
and launch contfol operate in elthor manuval
or aubtomatic mode.

The avionics integrated test function
parforms svstem status mondtoring, Interfaces
with the aireraft integrated test system, and
provides special test functlioms.
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Figure 2: Offensive Software Interfaces



Test Statiom Software

To support controlled and repeatable testing
wr all levels, extending from individual sefcware
modules to the total aviones system, a computer=
controlled test station was developed. This test
statlon interfaces to the avionics system a8
shown in Figure 3. It includes a B-1 Subsyscems
Simulator (B=155), a Weapon Stores Simulator
(WSS}, and a Defensive Subsystem Simulator (D55),
gach wtilizing a Harris &024/5 24-bit computer.
B=155 software models alrcraft flighet character=
iatics, selectively models avionics subsystems,
and acquires and records data from the avionics
control unigs. WSS software models wespom stores
and their characteristics, and selecrively models
weapon station loglc units, DSS software models
the Interface to the Radio Frequency Survelllance/
Electrafilc Countermeasures Subsystem. Shaded
areas denote eguipment which can be Included or
simulated depending on the desired test conflgura-
tion, This permits flexibility im test design
and test planning.
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Support Software

Test Station Block Dlagram

Te facilitate development of operational and
Eest station software, a comprehensive set of
support softwars was provided. This software,
designed to operare on most [BM 360 and IBM 370
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computer models, includes JOVIAL/JIB compllers
(S0fTech, Inc.) and Boeimg-built language process—
ing tools (assemblers, linkers, loaders), simula-
tors (instructicn=level, statement level, eovir-
onment), and configuratlon management tools.

Figure & shows some of the sallent character—
istics of the software developed by Boeing for
the B-1 Avionics system. HNote that ower 73

percent of the flight software 18 in a high=level
language.
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Figure 4: Software Summary Stacistice

Software Managemant Approach

The B-1 software management approach s
heavily Influenced by the sanagement decisions
which put it into effect. These decinions were
surprigingly few in numberj but thay created
an environment which astablished software as a
bonalide engineering discipline parelcipating
in the cost and schedule tracking systems, the
primary communication channels of enginecring,
and the rigorous design approach traditionally
reserved for hardware. The management decisions
were made om three levels; the program manager,
the chief engineer, and the software manager.

Progran Manager Decisions

The most important decision was in Teporting
relationghipa. The importance of software in
integrating the system made it essential thet
software have a strong volce im system design
decislons. Accordinmgly, the program manager
had the software manager report to the chief
enginesr on an equal level with the syatem
efgineering manager and hardware design
manager. This relationship provides two
important advantages. First, Lt provides the
software manager with visibilicy of all
engloneering department activities. Second, it
gives hin a volce in key engineering decisions,
In deweloping a large system with emhedded
computers, software participacion in systenm
architecture and software requirements alloca-
tion decisions 48 critical.

Along with this reporting relationship went
an allocated budget and task responaibilicy.
This required the software manager and his sub-
ordinates to plan the development tasks carefully




to scheduie casks snd evencs sl a derciied Level,
and to speclfy seasurable evidence of completion
of sach task. Weekly reports of budget and
schedule status and monthly calculation of the
earned value parameters provided wisibdlity

end accountability of software as an entity.

Chief Engineer Decisions

Detailed cask definitions are essential to a
ulu.r“ understanding of program-level nilestones
and the interrelationships of tssks among organi-
tutlons. The chief engineer directed the firatc
engineering activity to be the development of
an integrated task and event network. This
netwprk defined program—level (top-down) sche—
dule constraints, and {dencified the necessary
engineering crganization (bottomup) comsitmenca
to support them,

This network was easentisl te the aoftware
planning process. First, it provided the dates
on which ather organizations required poftware
deaign data. Second, 1t defineéd demand dates
for other organfzations to supply written
requirements such as algorithms and interface
definitions. By participating in the develop-
ment of the network, the software manager waa
afgsured that realistic commlitments had heen
established. ldkewise, the chief englneer
wan asgured that the sofrware development plan
supported program-level constraints, This
allowed & detalled plan for the moftware
activities to be developed, glving direction o
the software development effort and providing
a bapeline from which later adjustmenta could
be made.

The chisf enpineer sssigned the critical task
of requirements allocation to & multi-discipline
task force. This task force, made ap of senior
lewel personnel from systems enginesring, hard-
ware design and software, defined the B=1
Avionice System by means of system logic
diagrams, hardware/software/syvsten hlock diagrams,
sydtem data flows, and preliminary hardwarefsoft-
ware requirements allocatlon. Thus, prlor to any
hardware or software design activity, sach
englneering discipline had a common understanding
of the owverall syatem logle and the allocation
of aystem reguirements. Also, software personnel
had the opportunity to interact with other
engineering disciplines and to influence the
systenm design, The svatem loglc, block diasgrams,
data flows and reguirement allocatlons were used
a8 aource data for development of scftware
interface requiresents, data requirements and
preliminary software design.

Software Manager Declsicns

The software manager's baslc decislons, docu=
mented in & Software Product Assurance Plan,
provided the foundation for orderly and controlled
sofrware development. These decisions, relating
to milestone definition, documentation, test
approach, and configuration management, are
individually discussed.

Measurable Milestores. The first and perhaps
orst baglc decision wan the definition of

ERAs UL 4l le pilesluviscs Ll usgiivel Lhe sl isade
development activity. A milestone was defined
to be the completion and release of & tangible
output such as a deliverable docupent, completed
code, or a completed tese,

Documentstion System. The second decision
war the cholce of software documentation format.
Because completed documents were to provide some
of the measurable milestones by which develop-
mant progress was to be measured, a8 documen-
tation eyveCem which coincided with the key
developmental events was desirable. A milestone
syptem simllar to SAMS0 A1=47B was selected
becausie it provided a structure which Focused
on major development ewents. At sach phase
of software development, a document ls defined:

Hilestone 1 Software Functiomal Beguirements

Milestone 2 Software Svatem Concept and Test
Flan -

Mileascone 3 Interfaces and Data Definition

Milestone & Detalled Design

Milestone 5 Updated Detailed Design fas bullc)

Milestone & Test Procedures and Test Resules

Hilestone 7 Users Manual

Milestone 8 Top Assémbly Drawing

Documents are phased with contractual (508,
FOR, CDR)} and progran (code complete, software
werification complete, system validation complete)
events. This ephances the softvare manager's
ability to track progress wich seasurable
ul leatones .,

The Hilestome documentation system was used
for test station softwsre and support seftware
as well as for operaticnal software.

Test Approach. The software manager's next
major decision was to maximize testing of soft-
ware in its system enviromment bat wilhoat
actual sensor hardware. This type of testing
permits the statle and dynamic relationships
betwesn sofiware modules to be examnined and
software functional reguirements to be verified.
The test station previously described sopports
this mode of testing.

In module-lewel verification testing (MVT)
modules are first tested individually for mominal
cperation. They are then integrated one by one
into & full softwire complement, using previcusly
teated software as the environment for the module
under teat. This testing is conducted by design
group personnal .

Inter-module compatibility testing (IMCT) is
accomplished with a full complement of software,
but no sensor hardware. Repeatable Eest condi-
tions are provided to exercise the eystem
dynamically im irs full range of operating
conditions, including of f-nominal conditions.
This testing is conducted by persomnel outside
the design organization.

Syctem Valldatlon Testing {3VT) utilizes
actual sensors as well as sensor models.
It 18 conducted by the program-level test
prganization with Quality Contrel bay-r /.
Boftware errors are minimiged at this, more
coptly, test stage because of the previous
comprehensive test phases.



Conf o ement. The fourth major
decision was to impose rigorous configuration
contral on moftwvare and its documentatiom. All
goftware and documentatior is entered in a Com—
puter Program Library (CPL). Once entered, any
change to software or documentation must be
authorized by softwars management. This policy
is carried out by personnel cutside the design
groups. These configuration comtrol personnel
were glven the responsibilicy of ensuring CPL
integrity, and of implementing a system Co pro-
wide controlled yet expeditious changes to the
CPFL. The resulting change control system
raquires that control forms be used te define
and suthorize any change prior to its relesse.

The Software Froblem Report (SPR) is used to
identify a software deficiency (scftware which
incorrectly implesents a required sofpware
function). The 3FR is veed when the problem is
one of implementation and not of requirement
definition. It can be gemerated by design or
test personnel; when gaperated, it is entered
into the software configuration management
accounting system. This 1s an automated reporting
system providing weskly status to designers. The
SPRE for which each designer ls responaible ate
identified along with required incorporation date,
An SPE 18 c¢losed when a correction approved by
both design group and test group supervisors is
recelved by the CPL librarian. The SPR mechanism
provides for controlled correction of software
errore after the software is entered im the CPL.

The Design Change Eequest (DCR) is uweed to
control modifications te allocated system
requirements. Any relessed design can only be
changed by DCR. Associsted coding changes are
alec guthorized by the BCR. An even more
important use is te ldentify all module revisions
required to implement a system change which
izpones new scftware requirements. A single
allocated requirement change is translated
into one or more DCRs identifving and suthorizing
each required software module change.

Software Organization. The B-1 Avionice
Software rrganization showm in Figure 5 follows

nsturally from the above management decislons.
In addition to the groups responsible for
implementing the software, a separate 5. 7Cware
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Test Group is assigned overall testing responsi-
bility, and a Configuration Mansgement Group is
assigned change control responsibility. These
two groups form 8 staff which eaables the soft-
WAre management Co ensure software reliability
and baseline integrity.

Software L hasis
During Flight Test

A software baseline was completed and
validated by laboratery testing in April 197%
using the software managenent disciplines and
coptrols described in the previous section. The
laboratory validaticn proved that the software
bageline satisfied the allocated syatem require-
ments in a simulated envirorment.

The cost, schedule and technical performance
of the scfiware organization during the baseline
development verified the panagement approach
and astaklished a solid management and software
baseline for support to the avionies flight
test program. Because the purpose of flight
teating is to validate the implementation of
the basic system assumptions, it was recognized
that software errors, algorithe deficiencies,
and peed for basic requirements changes could
bhe found om a continuing basic. Changes to the
integrated software would be required to implement
aarv of the required syatem corrections.

This section discusses the Framework of
multinle configurations, long range scheduling,
chenge and resource control which was established
to accommodate moftware changes during flighe
teat while preserving software reliability and
configuration integricy.

Frojected Needs

Following initial baselining, multiple
configurations and large numbers of changes
were anvicipated -=- a natural conseguence of a
majer syatem validacion and flight test program.
The multiple configurations were reguired to
suppart:

1. special navigation system testing
using & C-161 aircraft;

Z. an offensive system configuration for
flight testing on the third B-1 aireraft;

3. an offensive/defensive configuration
for flight testing on the fourth B-l ailrcraft;

4. & comfiguratiom for each of eight
BE-1 production lots (since cancelled).

Anticipated change activity imcluded new
reguirements generated by the Alr Firce;
internally generated imp eméntatlon changes;
and quick turnarcound changes in direct support
of flight test. In practice there have thus
far besn 29 .ew customer requirements, 329
internally-generated changes, and 74 quick
turnaround changes.

Long Range Scheduling

The scheduling of changes is key to both
configuratinn control amd support to aystem



development. The need for a firm long range
software change schedule was recognized. Blocks
of time for phased development were allocated
and kayed to program evenmts which require
reviged software configurations.

The time blocks were broken dowm inte
design, coding, module verification testing,
inter-module compatibilicy cesting, and system
validation. This applied to test statiom,
and support software as well as operatiomal
software. These tise blocks could be real-

istically scheduled because they were sssentially

a repeat of the flow time regquired for basaline
devalopaent. The software organization was
thus able to identify change lspact and plan
the support required for each configuration,

as scom a8 tha unigue functiomal requirements
for that configuration were defined.

Committing and Incorporating Changes

The long-range software change schedule
structures the program activitiep affecting
spftware. When a change is suthorized, its
effectivity is defined in terms of the progra=m
event to be supported. Each change is assessed
by the scftware organization for its Impact to
the software program; the lines of code to be
revised or added; the design time; and the test
time. Requirements for revision to the support
or simulator software are identified at this
time, and their design and test cime is
estimated. Manpower and test equipment require-
ments are defined. The appropriate software
change block is identified, and available flow
time is assesaed for adequacy. All software
changes are committed to appropriate time blocks
based on the recognition apd analysis of thess
factors and congtraints.

As changes are committed to & time block,
the configuration managesent group maintaine
a log of the changes and the configuraciona
affected., Any software arrors to be Fixed
are included for commitment to the block.

Other pertinent data such as program change
mumber, status of incorporacion, and required
retest for esch change is identifled., This log
tracks the design time and test time committed
in a block. When the time hlock is filled, mo
more changes can be accepted.

The block change log is the instrument for
coordinacing software develocpment efforts. Only
accepted and approved changes are allowed for
the block design/test task. Thus, designers
make only the proper changes, and teat planners
have early visibility of required teating.

Tracking Block Changes

The task from this point through validatiom
of the new softwmre version is a repeat of the
sctivicies of the baseline development process.
The engineers are familiar with the software
and the process; the sequence is therefore
straight-forward for each individeal change.
Managing the simultanecus incorporation of
many changes in a block (285 total module
revislond In the current block) is also straight
forward but requires a good plan and careful
teacking.
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The block change «ffort is monitered by
the software manager via a tracking plan
prepared by the design group supervisor.
plan identifies the pusber of individual
changes to be completed each week of the deaign,
tode and test effort. Statusing is done oo a
0/100 percent basis {a task is comsidered
zéro percent complete until it is one busdred
sercent complete). Because the softwars change
tlo ks are also tracked at the program level,
pr ‘gress on completing the plan is reviewed
by L:= program manager weakly.

The ._ sanagement tools used to monitor
technical and management performance of the
software organization during development of
the baseline are alse used during block changes.
The two most significant are:

Technical Perf sures (TFM) which
track the ef "ect of changes on computer memory
ad timing. The impact on TPM parameters is
1 wgessed or each change by the design group
a1 re-‘ewed monthly by the program manager;

This

Earned Value which compares the actual and
budgeted cost of work performed. This is also
reviewed monthly by the program sanager and
provides early visibility if software develop-
ment problems exist,

Managing Multiple Configurations

Ihe method of controlling the content of
each flight software configuration is set up
through the compilefasseably process. For
operational Flight software, one baseline
configuration is established im the CPL. This
baseline contains all the programs required
by any of the several multiple configurations.
Many of these are identical for sll configurs—
tione; many require code differences for
earh configuration; and some programs are nol
required for some configuraticons. A particular
configuration of software is constructed by
selecting the required programs and the required
unigue code for those programs from the CPL
baseline through the use of processar centrol
cards in the compile/assembly process. This
permits a minisus CPL and therefore the minisus
pumber of lines of code te maintain.

Quick Turmaround Changes

Software changes are sometimes required
on an urgent schedule to support the next B-1
Flight. These changes can't wait for the next
sctheduled change block; cherafores, a temporary
change is made to the program object code.

The implesentation of such a change is
carefully controlled by the full applicatiom
of a disciplined approach., Every step of
authorizaction, requiresents definition, design,
test, formal engineering release, and re-
validation is repeated for each such change
required to the object code. At the compietion
of the revalidation of the change, s merge
tape is prepared from the computer memory. This
tape contains the operational flight software
cgbject code, including the revised code. The
perge tape is loaded back into the computer to



assure that the prograw will load and te werify
the checksum. This tape is placed under formal
control and sent to remote base for installation
on the aircrafr,

This process of providing a new progfam
vape with the merged object code changes has
an important advantage over the more common
practice of entering object code changes
directly into the computeér at the remate site
by either manual means or with separate change
tapes, The tape, including the revision, is
loaded directly imto the computer on the air-
plane and the risk of Improper installatiom is
avoided. The socftware organization retains
full control of the entire software load; and
no doubt as to irs content axists.

Special Software Programs

Tracking and incorporating the large
number of changes required in che cperatiomal
sof tware during flight test presents oppoclu-
nities for innovations ln the use of the computer
to reduce the manual labor required for the many
menial tasks related to changing software.
The B-1 Avionics software organization has
developed prograns to assist in document
generation and revalidation of revised base-
line saoftware.

Documeat generation programs provide the
capabhility to generate the data base decusentation
af Milesctone 3 and the flow charts of Milestone 3
from operational program scufce cafds. These
programe combine actual program features -=
data declaration statements for Milestone 3
program branch points for Milestone 5 -- with
program comments to generate formatted output,

Reval idation programs provide the capabilicy
Lo compare operaticnal program versions at the
gource code lewel, the object level, and us
allocated to computer memory., Copprehensive
listings of all differences detected are
printed. apalysis of the differences detected
between revised seftware and the validated hase-
line from which it was derived ensures that no
unexpected changes are included and provides
explicit information used to derive scftware
refest requirements.,

Basults

The B=1 Avionics has been in flight test
aince Mapch 31, 1976, completing 46 flights
through September 16, 1977. Throughout this
test period no [lights have been delayed or
terminated due to software, Results achieved
in flight test verified that the B-1 Avionics
System met of exceede! all major system level
requirenents.

Since 1972 no program level schedule mile-
stones have been nissed and an underrun cost
performance was achieved.

These achievenents have been acknowledged
by the customer with three consecutive unprece-
dented LI incentlve award fees since 1975,
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These results lead us to conclude that the
software managemcnt approach to software
development on the B-1 Aviemics Program has
bheen effective and has made a significant
contribution to the program’s success.

Observations

The development of large complex software
syastems on schedule, within budget and meeting
specifications, depends as much on the software
vrganization reporting relatiomship which the
program manager directs as on technical abilicy
to deaign and code software. Because the B=1
Software Manager reports to the Chief Englneer,
he is allocated separate budget and therefore
must develop detailed plans and schedules to
acconplish the software task within the budget.
The monthly earned value caleulation provides
the Eoftware Manager with the incentive to rum
a disciplined organization, require well defined
requirements and establish carefully thought-
out documentation, test and configuration
control policies.

The problems of managing large esbedded
computer software systems during continued
syslem dewalopment are amenable to splution
by long range planning and tracking of large
numbers of changes. An ar=a which needs
further development is in the use of special
technigues te relieve the software engineers
of the menial tasks associated with sof tware
development .
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