HEVVLETT.P

TGKAFID

-,@[JRNIAL

pil8"hTJ

ALJGLJSiT 199O

HE\,VLETT.PAGKAFID

-,@[JRNIAL

August 1990 Volume 41 . Number 4

Articles
1a HP Manulacturing Automation Protocol 3.0, by Collin Y. W.Park and Bruce J. Talley

o

8

i

tt

1

Overview of the OSI Reference Model

Upper Layer Architecture for HP MAP 3.0 OSI Services, by Sanjay B. Chikarmane

1 6 Directory Services in the HP MAP 3.0 Environmenl, by Beth E. Cooke, Colleen S.
I w) Fettig, Paul B. Koski,Darrell O. Swope, and Roy M. Vandoorn
MAP 3.0 File Transter, Access, and Management/80O,by StevenW. Manweiller
24^,
Q { HP MAP 3.0 Manufacturing Message Specification/800, by Peter A. Lagoni, Chrisvl I topher Crall, and Thomas G. Bartz
38 HP MMS/800Services

A n
aV

HP-UXKernelCommunicationsModulesfor a Card-BasedOSIProtocolStack, by
Eric C. Scoredos,KmberlyK. Scott,and RichardH. VanGaasbeck
fnteroperability
Testingfor HP MAP3.0, by JeffreyD. Meyer

50
tn" HP MAP3.0 SoftwareIntegrationLifecycle,by DouglasR. Gregory
54
59 The lntegrated Personal Development Environment

Editor,FichardP. Dolan . AssoclaleEditor,CharlesL. Leath o AssistantEditor Gene l\y'.Sadoff . Art DrrectorPhotographer,
Arvld A. Danlelson
SupportSupervisorSusanE Wright . Adminislrative
Services,DianeW. Woodworth. Typography,Anne S. LoPrest . EuropeanProductionSupervisor,
SonjaWirth

2 rrwlErr-pncxnRDJoURNAL
AUGUST
t99o

O HewletlPackardComoanv1990Printedin U.S.A.

64

500-MHzand 300-MHzProgrammablePulse Generators,by WernerBerkel,Gerd
Snackers
FrederickL. Eatock,PatrickSchmid,HeinoH6pkeandHans-Jilrgen
Koffmane,
76 Hybrid Assembly

Pulse GeneratorOutput Section,by StefanG. Kteinand Hans'J0rgen
79ir::#Hz
Pulse GeneratorOutput Section,by Peter
r'l r- A 300-MHz,Variable-Transition-Time
tJC S"i,rzel, VolkerEberle,and Gtnter Steinbach

Departments
4
5
5
60

ln this lssue
Cover
What's Ahead
Authors

The Hewlett-Packard Joumal is publishedbimonthlyby lhe Hewlett-PackardCompanyto rmgnize technicalcontributionsmade by Hewlett-Packard(HP) personnel.While
the informationfound in this publicationis believedto be aeurate, the Hewlett-PackardCompany makes no warranties,express or implied,as to the accuracyor reliabilityof
suchinformation.TheHew|ett.Packardcompanydisc|aimsa||warrantiesofmerchantabi|ity
includingbut not limitedto indirect,spsial, or consequentialdamages, attorney'sand expert's fses, and court costs, arising out of or in connectionwith this publication.
Subscriptlons: The Hewlett-PackardJournal is distributedfree of charge lo HP resarch, design, and manufacturingengineeringperennel, as well as to qualified non-HP
individua|s,|ibraries,andeducaliona|institUtions.P|easeaddresssUbscriptionorchangeo'
on the back cover that is closestto you. When submittinga change ol address, please include your zip or postal code and a copy ot your old label.
Submissions: Althougharticles in the Hewlett-PackardJournal are primarilyauthoredby HP employees,articles from non-HP authors dealing with HP{elated researchor
solutionsto technical problemsmade possible by using HP equipmentare also consideredfor publication.Please contact the Editor before submittingsuch articles.Al$, the
Hew|ett.PackardJourna|en@Uragestechnica|discussionsofthetopicspresentedinrecentartic|esandmaypub|ish|etiersexpectedtob
be briel, and are subjecl to editing by HP.
Copyright O 1990 Hewlett-PackardCompany.All rights reserued.Permissionto @py without fee all or part ot this publicationis hereby granted providedthat 1) the copies
are not made, used, displayed,or distributedtor mmmercial advantage;2) the Hewlett-PackardCompany copyrightnotice and the title ot the publicationand date appear on
the mpies; and 3) a notice statingthat the copying is by permissionot the Hewlett-PackardCompany appearson the copies. Otheruise, no portionof this publicationmay be
producedortransmittedinany'ormorbyanymeans,e|eclronicormmhanical,inc|udingphotocopying'recording,orbyanyin'ormationstorageretrievals
permissionof the Hewlett-PackardCompanyPlease address inquiries,submissions,and requeststo: Editor, Hewlett-PackardJournal,3200 HillviewAvenue, Palo Alto, CA 94304, U.S.A.

JoURNAL3
AUGUST1990 HEWLETT-PAcKARD

In this Issue
Computerintegratedmanufacturing,or ClM, is the vision and the goal of
manufacturingcompaniestoday.In this vision,corporatemainframecomputers and engineeringworkstationstransmitorder and designdata automatically to the factoryfloor, where workcellcontrollerspass it on to robotsand
numericallycontrolledmachines.Production,quality,and shippinginformation is collectedautomaticallyby the corporatemainframesfor management
reportsand billing.In reality,as the authorsof the articleon page 6 describe
it, CIM has traditionallymeant equipmentfrom differentvendorsresidingrn
isolated"islandsof automation"because,in most cases, no singlevendor
can supply all of a factory'srequirements,and the proprietarycomponentsused by the various
vendors can't communicatewith other vendors'equipment.In this environment,applicationdevelopmentand trainingare difficult,and a centrallymanagedand controllednetworkis virtually
impossible.About ten years ago, General Motors Corporationformed a task force to address
these problems.Many large and small manufacturersand leadingequipmentvendors,including
Hewlett-Packard,have been involvedin this effort.The result is the ManufacturingAutomation
Protocol(MAP).MAP is basedon the ReferenceModelfor Open SystemsInterconnection
(OSl)
of the InternationalOrganizationfor Standardization(lSO), which in this age of networkinghas
been appearingwith some regularityin this publication.MAP specifiesa set of standardcommunication servicesfor factory automation,and has been acceptedas an internationalstandardby
the lSO. HP's implementationof the latest version, MAP 3.0, is describedon pages 6 to 60 of
this issue. lt has three main components:the File Transfer,Access,and Managementservices
(FTAM, page 24), the ManufacturingMessageSpecificationservices(MMS, page 31), and the
X.500 directoryservices (page 15). A standard interfacebetween these services and factory
automationapplicationsis providedby the HP MAP 3.0 upper layer architecture(page 11). HP
MAP 3.0 runs under the HP-UX operatingsystem on HP 9000 Series800 PA-RISCcomputers
and connectsto a networkby meansof the HP OSI Expresscard (see the February1990 issue).
Three new softwaremodulesin the HP-UX kernelprovidereliabledata transferbetweenthe host
HP 9000 computerand the HP OSI Expresscard (page40). Becausethe purposeof the Manufacturing AutomationProtocolis to allow equipmentfrom differentvendors to communicate,interoperabilitytesting is necessaryto ensure that HP MAP 3.0 servicesare compatiblewith other
vendors'servicesand to exposeerrors in HP's and other vendors'implementations.
The article
on page 50 describesthe resultsto date. The developmentof HP MAP 3.0 was a majorsoftware
projectinvolvingten projectteams at three HP divisionsin differentpartsof the U.S.A.To ensure
the successfulintegrationof all of the software,firmware,and hardwareelements,a generic
software integrationlifecyclewas developed.Describedin the article on page 54, it may be
applicableto other large, multidivisionalprojects.
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The high-speedcomputation,communications,and signal processingthat we have available
today are made possibleby advanced integratedcircuit technologieswith names like CMOS,
B|CMOS,ECL, and GaAs. Testing devicesbuilt using these technologiesrequireshigh-performanceinstrumentsthatoftendependfor theirperformanceon the sameadvancedlC technologies.
The HP 8130A and HP 8131A pulse generatorsare good examplesof this bootstrapprocess.
The HP 8131A generatespulses with 20O-picosecondrise and fall times at rates up to 500
megahertz.The HP 8130A offers variablerise and fall times at pulse rates up to 300 megahertz.
The two instrumentsshare the same architectureand timing circuits,as describedin the article
on page 64, but use differentoutput systems.A custom high-speedbipolar lC generatesall of
the timing parameters including pulse rates to 500 megahertz and pulse widths from 500
picosecondsto 99.9 milliseconds.The HP 8131A's outputamplifier(page79) is a thick-filmhybrid
circuit containinga custom gallium arsenide integratedamplifiercircuit.The HP 8130A's fast,
variabletransitionsare producedby a custom gallium arsenideslope generator,and its output
amplifier,which requireshigh linearitybecauseof the variableoutput amplitudeand slopes,is a
custom high-speedbipolarcircuit(page 85).
R. P. Dolan
Editor

Cover
The oictureshows an automatedworkcellwith robots and controllersat the General Motors
Corporationfacilityin Oshawa,Canada.Providingthe communicationlinks betweenthe components in the workcellis a typicalapplicationof the ManufacturingAutomationProtocol3.0 (MAP
3.0).

What's Ahead
spectrum
The cover subjectof the Octoberissuewill be the HP 11974Seriesof millimeter-wave
analyzerRF sections,which have magneticallytunable barium ferrite preselectionfilters and
range.Otherarticleswilldescribethe HP InteractiveVisualInterface,
operatein the 26.5-to-75-GHz
a toolkitfor developinggraphicaluser interfaces,and the HP Device lnterfaceSystem,a tool for
developinginterfacesbetweencomputersand factory-floordevicessuch as robotsand programmable controllers.We'll also have research reportson measurementsof R, L, and C in VLSI
packages,simulationof air flow in computercabinets,and statisticalsimulationof circuitperformance distributionsin production.
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HPManufacturing
AutomationProtocol3.0
The ManufacturingAutomationProtocol(MAP)is an
programthataddresses
intervendor
fhep roblemsthathave
plaguedfactoryautomationin the pasl. HP'sMAP3.0
productprovidesinternational
standardnetworkseryices
and protocolsand a multivendorMAPprogrammatic
intertace.
by GollinY.W.Park and BruceJ. Talley
OMPUTER INTEGRATED MANUFACTURING
(CIM) has traditionally meant equipment from different vendorsresiding in isolated "islands of automation" because the proprietary components used by the
various vendors could not communicate with each other.
In many cases, they could not even share the same cable.
As a result, cabling was a nightmare, as was the effort of
porting applications across different vendors' equipment.
Training for these different networks was difficult to provide for users and support staff, and the cost of the various
kinds of test equipment to keep it all running was also
high. Data throughput was typically low, and centralized
management and control of the network became virtually
impossible.
The alternative to this collection of incompatible technology was to use only equipment from a single vendor,
thus locking the user into a future dominated by that vendor, regardless of price-performance or functionality benefits provided by other equipment vendors. This was really
no alternative at all, since no single vendor could meet all
the equipment requirements on the factory floor.
The Manufacturing Automation Protocol (MAP) specification was written to address these problems. Started by
General Motors Corporation and involving many other
large and small manufacturers as well as leading equipment
vendors in the industry, MAP is the product of years of
networking and manufacturing experience.
MAP specifies a set of standard communication services
for factory automation. The specifications provide compatibility from the application layer (vendor X's computer can
download to vendor Y's robot) to the physical layer (all
MAP devices connect to the same high-speed cable, using
the same standard connector). MAP's application program
interface (API) allows users to port their applications across
vendors, and the standardized communication technology
and protocols cut training and maintenance costs.
The MAP services, and the data communication protocols that provide them, are derived from the Open Systems Interconnection (OSI) model as defined by the International Organization for Standardization (ISOJ (see box
on page 8).
HP and MAP
HP's involvement with the MAP program began in 1984
with MAP 1.0. An implementation of MAP 1.0 was done
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on the HP 1000 computer systemand demonstratedat the
National Computer Conferenceof tge+. The MAP Users
Group was createdthat sameyear and HP was a founding
member. In 1985, HP demonstratedMAP 2.1 at Autofact,
a factory automation forum. Also in that year, HP joined
the European MAP Users Group and completed the first
functional installation of a MAP systemat GeneralMotors
Corporation in Detroit, Michigan. In 1987 HP introduced
MAP 2.1 on the HP 9000 Series800 computer system.And
in 1989 HP releasedthe current version of MAP 3.0 for
volume shipments on the HP 9000 Series800 computers.
The HP MAP 3.0 products provide the MAP-specified
serviceson HP 9000 Series800 computers.The MAP API
is included in the product, so that customerscan write
CIM applications, such as factory device monitoring and
control programs.Efficient user interfacesare provided for
configuration,verification, and troubleshooting.
OSI Services Provided in HP MAP 3.0
Three OSI servicesare currently provided in HP MAP
3.0: the ISO File Transfer, Access, and Management
(FTAM) services,the ISO ManufacturingMessageSpecification (MMS), and the ISO/CCITTX.500 directory services.
The HP FTAM and MMS products are called HP MAP 3.0
FTAM/800 and MMS/800 respectively.Only the services
provided by FTAM and MMS can be directly accessedby
the user. The X.500 directory services are accessedindirectly through FTAM and MMS.
FTAM provides userswith the ability to manipulate files
on remote systemsin an internationally standardizedway.
The programmaticinterfaceincludes subroutinesthat read
and write individual records in files and subroutines to
delete files and copy files betweensystemsor on the same
system.FTAM is describedin more detail in the article on
page24.
MMS is designed for use with manufacturing devices
such as robots.Various control and monitoring operations
are provided. For example,there are subroutinesfor reading and setting variablessuch as counters and alarm condition thresholds. A bulk data transfer facility (e.g., for
downloading a program) is also provided. MMS is described in more detail in the article on page 31.
Both HP FTAM/800 and HP MMS/800 use the OSI directory serviceX.500 to find the addressof an application or
resourceson anothersystemor device.The HP X.500 direc-

tory services are described on page 15'
Architectural Overview
In HP's MAP 3.0 product, the application servicesare
implemented in software residing on the HP 9000 Series
800 computersystem.The Application Control ServiceElement (ACSE) protocol and most of the OSI lower layer
functions (from the presentationlayer* to the IEEE 802'4
physical layer protocols)are implemented on the HP OSI
I/O card
Express card,1 which is a microprocessor-based
Fig. 1
host
computer.
of
the
backplane
that plugs into the
shows the overall architectureof HP's MAP 3'0 product.
User Application Programs. These are programs written
by end users or independent software vendors that may
use FTAM for file accessand/or MMS for monitoring factory floor devices.These applications use the MAP application program interfacesto accessthe HP MAP 3.0 services. The application programinterfacesare libraries that
arelinked into the user'sprogramto enablecommunication
with the various service provider processes.
Service Provider Process (SPP).The service provider processescontain the modules that provide the MAP services
(FTAM and MMS) and the asynchronousoperationcapabilities specified by the MAP protocol'
.The presentationlayer'ssyntaxtransformation
functionis perlormedon the hostsystem.

FTAM Responder. The FTAM responder is an FTAM processthat handles requestsfor file manipulation activities
on the local machine.Typically theserequestsare initiated
by remoteusers.If a local userwants to accesssomeremote
file, first the local FTAM SPP is used. When the request
reachesthe remote machine, the FTAM responderon that
machine handles the request.
Upper Layer Architecture Modules. The upper layer architecture modules provide connection managementand
syntax transformationservicesto the SPPsand the FTAM
responder.The upper layer architecturemodules also provide a platform for the development of OSI services.The
article on page 11 describesthe upper layer architecture
in more detail.
MAP Kernel Modules. The MAP kernel modules, which
are softwaremodules embeddedin the HP-UX kernel, are
responsiblefor communicating with the HP OSI Express
card and henceto other systemsor deviceson the network.
Configuration Data Base.This data basecontains information that is pertinent to the local system,such asthe default
levels of tracing and loggingand the addressesof the applications on the local host.
Configuration User Interface. This user interface allows
users to enter data into the local configuration data base.
It can also be used to update information on a (possibly
Application Programs
Written by End User
or an Independent
Software Vendor

Software and Hardware
Provided by HP

From Other
Modules in the
System

Host-lo-Card Interface

API = Application Program Interface
CM = Connection Management

Fig. 1, fhe main componentsof
the HP MAP 3.0 architecture. HP
suppiies the software modules in
the middle section and the hardwarc modulein the bottomsection.
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Overview of the OSI ReferenceModel
Fig. 1 showsthe seven layersof the OSI referencemodel.The
applicationlayer providesthe communicationservicesreoutred
by the end user. Each OSI applicationcontainsthe Association
ControlServiceElement(ACSE)1and at leastone otherappttca_
tion serviceelement(ASE).ACSEcontrolsthe establishmentand
destructionof the association(i.e.,the cooperativerelationship)
between the applicationand its peer. The other ASEs provide
the communicationfunctionsto supportthe specificOSIapplica_
tion. For example,the FTAMASE containsa module called the
FTAM protocol machine,which creates the proper sequences
of operationsto manage the communicationand the transferof
file names and file data betweensystems.The application,not
the ASE, is responsiblefor requestingthe opening of files and
readingfrom or writingto files.
The presentationlayerperformsnegotiationand transtormation
of syntax.For example,if one systemuses EBCDICand another
usesASCll,then a characterset understandableby bothsystems
must be chosen if they are to communicate.The systemsmust
agree to the characterset to be used for communication(syntax
negotiation),and at least one systemwill need to do cnaracrer
set translation(syntaxtransformation).
The sessionlayer providesdialoguecontroland synchroniza_
tion. Some applicationsneed facilitiesto keep track of who's
goingto talk next,likea radiooperatorsaying,,,Over,,,to
signal
the person at the other end to start talking.
The transportlayer ensuresthat data sent from one user ts
communicated
to the otheruserin order,withoutlossor duolica_
tion. This may involveerror recovery.For example,if transient
errorscause one data packetto be garbled, the transportlayer
Layel

End System 1

may retransmitthat packet. Multiplexingmay also be oone to
allow severalconversationsto be held using the same wrre or
the same connection.
Routing is the primary funclion of the network layer. lf two
systemsare not on the samephysicalmedium,then data packets
may have to be forwarded through a gateway, which is rep_
resentedin Fig. 1 by the box labeled intermediatesystem.The
gatewayor intermediatesystemmay in fact have its own appli_
cations runningat the same time, but the figure shows only the
part of the intermedratesystemthat is used for communicating
betweenthe two end systems.The networkentity in the source
end system is responsiblefor picking an intermediatesystem
that will eventuallybe able to deliver the data packets to the
destination.The networkentityin each jntermediatesystemthat
is part of the route is responsiblefor selectingthe next inter
mediate system in the route. The last intermediatesystem is
responsiblefor sendingthe packet to the destination,
The functionof the data link layer is to ensure data integrity
betweentwo physicallyconnectedsystems.Functionssucn as
framing and checksummingare found in data link protocols.
Flow controland error recoveryproceduresare also someltmes
USEd.
The physicallayerensuresthe physical(e.g.,electricaland
mechanical)compatibilitybetweenend systems,and the integrity
of physicalmedia used for data transmission.
References
1. lntomation Processlng Syslems - Open Systemslnterconnection _ Sevice Detinition
for the AssociationControl SeNice Element, ISO 9649i .1987(E).

End System 2

6
5

4

-

lntermediate
System

3
2
1

Fig. 1. Ihe OSI reference modet

remote) directory system.
Directory Services. The directory services in MAp are
based on the OSI X.500 standard.This software provides
facilities for determining the locations of applicationsand
resourcesin a network.
Directory Information Base (DIB). The DIB is the data base
that implements the structure of the X.S00 directory. It
contains the names, addresses,and other information
required to find the locations of remote systems and/or
applications. The DIB may reside on the local systemor a
remote system.
StarUStop/Control User Interface. This interface allows
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users to start and stop MAP networking, and to monitor
and control the level of tracing and logging. Tracing and
Iogging information is used to facilitate troubleshooting
the network.
Card Management Software. This software is invoked by
the start/stop/control user interface to download the Hp
OSI Expresscard's software,and to control the card's operations.
Tracing/Logging Subsystem.This subsystemis responsible
for taking the traces and event logs from all of the other
HP MAP 3.0 softwaremodules.Eachmodule in the system
has a connection to the tracing/logging subsystem. This

uniform tracing and logging scheme was designed into HP's
MAP product from the beginning to ensure consistent tracing and logging policies and consistent formatting of the
tracing and logging information.z
Scenarios
The following scenarios illustrate how the components
of the HP MAP 3.0 architecture work together.
Configuration and Startup. Once the software and hardware are installed, the system administrator, with the assistance of HP field personnel, typically invokes the command
mapconfto configure and start HP MAP 3.0. The system
administrator or user can use other commands besides mapconffor configuring and administering the MAP subsystem.
Procedures are provided for updating the configuration of
a system already running MAP 3.0. There is also a fast
startup and shutdown facility.
Mapconfinvokes the screen-based configuration user interface, and the system administrator updates the configuration data base with the name of the card and the network
layer address to be used. The level of tracing and logging
can also be configured at this time. Next, mapconfinvokes
the start/stop/control user interface and, playing the part
of the user, instructs the card management software to
download the card-resident software to the HP OSI Express
card. Once this is accomplished, the tracing/logging subsystem is started based on information stored in the configuration data base.
Mapconf'snext step is to invoke the configuration user
interface to allow applications to be configured. First, access to the OSI directory service must be ensured. If the
directory information base (DIB) is located on the system,
the system is configured as a directory system agent (DSA).
The directory system agent is anX.500 process that handles
communication with a user requesting access to the DIB.
If the DIB is not located on the system, the system is configured as a directory user agent (DUA). A directory user
agent is an X.500 process that communicates with the DSA
on behalf of the user. The system administrator will also
configure the name and address of the FTAM responder.
Configuration limits, such as maximum number of simultaneous remotely initiated file transfers, may also be configured at this time.
At this point, the system administrator can enter the
FTAM responder's name-to-address mapping into the DIB
using the X.500 directory services. If the local system is a
DUA, then this mapping must be recorded in the DIB via
a remote DSA. The directory services software is invoked
and uses the connection management module to establish
a connection to the remote directory system agent. The
host presentation services module performs the syntax
transformations that allow this DUA-Io-DSA communication. Other applications are configured similarly.
Once the configuration process is complete, mapconfstarts
the FTAM responder and then invokes a screen-based verification program that allows the system administrator to
see whether the system can indeed communicate with
others on the network. The startup process is then complete.
FiIe Transfer. To see how the architecture carries out a
user's requests, consider a remotely initiated file transfer.

Suppose application A on a remote system (not necessarily
an HP system) wants to transfer a file to the local system.
Application A will first determine the address of the local
FTAM responder, perhaps by using the OSI directory service. Application A then sends a connect request on the
IEEE 802.4 token bus, and the request is received by the
local HP OSI Express card. This event is passed through
the MAP kernel modules to the FTAM responder, which
has been waiting for just such an event. The local FTAM
responder calls the connection management module in the
upper layer architecture modules to ensure that no configured limits are about to be exceeded. tf everything is satisfactory, the FTAM responder continues processing.
The FTAM responder on the local system must process
the connect indication (it was called a request on the initiating side but it's an indication on the receiving side), and
the presentation services module is invoked to perform the
required syntax transformations. Subsequent data exchanges tell the FTAM responder that the remote system
wants to send a file, and, if security checks pass, the FTAM
responder will write the data into the appropriate file.
Programmatic Interface. The HP MAP 3.0 application program interface allows the user to write FTAM and MMS
applications that automatically use the parameters in the
configuration data base. The application programmer configures the user application before running the program.
When it is run, the user's program calls the connection
management module in the user process, which checks to
make sure that all conditions are within configured limits
(e.g., maximum number of simultaneous connections) so
that a user application can have accessto MAP resources.
Once the API is satisfied that the program has the right
to use MAP resources, the program can make high-level
calls (e.g., transfer file A from system B to device C) or
low-level calls (e.g., read next record). Calls can also be
synchronous (e.g., return when the operation is completeJ
or asynchronous (e.g., read a record or transfer a file in the
background).
To provide the asynchronous operations offered by MAP,
the HP MAP 3.0 product causes a service provider process
to be spawned whenever a user program calls the connection manager's activate function. Communication is established between the user's process and the SPP using a local
interprocess communication mechanism. Asynchronous
requests can thus be handled, and high-level calls like file
transfer can be executed with almost no performance penalty because the process switching overhead is amortized
over the entire high-level operation.

Conclusion
The result of many years of manufacturing and networking experience, MAP is an intervendor program that addresses the problems that have plagued factory automation in
the past. HP's MAP 3.0 product combines international
standard services and protocols with the multivendor MAP
programmatic interface. Screen-based utilities simplify
configuration and verification. A uniform tracing/logging
policy and uniformly formatted output facilitate diagnostic
and troubleshooting tasks. The MAP programmatic interface provides enforcement of configured limits, and allows
asynchronous and high-level operations.
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UpperLayerArchitecturefor HP MAP3.0
OSI Services
Based on the OS/ sfandard for the application layer, the
HP MAP 3.0 upper layer architectureprovides a
standardizedstructure that allows network application
developersto focus on the seryices provided by their
applicationsrather than the architecturenecessary to
interface to networkprotocols.
by Sanjay B. Chikarmane

O FACILITATE THE DEVELOPMENT of the OSI
(Open SystemsInterconnection)application layer
networking services,ISO (International Organrzation for Standardization) architects developed a framework
consisting of terminology, concepts, and a structure for
developing these services. Within this framework, called
the Application Layer Structure (ALS),1 the architectural
model for all OSI application layer services is specified.
In defining this model, the ISO architects refrained from
using real implementation terms such as processes and
libraries to avoid biasing the model toward a system offered
by a specific vendor.
This article describes the HP MAP 3.0 upper layer architecture, which is an implementation of the OSI application layer specification.

ApplicationLayerStructure
In ALS terminology, an application using the OSI services is called an opplicotion process. Note that the word
process in this context is not necessarily the same as in an
operating system context. In ALS, an application process
'Application
Process

is simply an abstraction of a real application. The ALS
specification defines a structure for an application process
that promotes a toolkit approach in which components of
the application process perform well-defined functions.
These components can be employed in different combinations to provide different services.
An application process is composed of one or more components called oppiicotion entities (seeFig. 1). An application entity can be Iooked upon as a networking service
such as a file transfer facility that employs one or more
networking protocols. The networking protocols are called
opp.licotion service elements (ASEs). A factory-floor status
monitoring application is an example of an application
process. It may use the services provided by the application
entities MMS (Manufacturing Message Specification) and
X.500. MMS is used for reading status variables from factory-floor machines and X.500 is used for accessinga directory data base containing information about various factory-floor applications. The ASEs, or networking protocols,
are represented by MMS and ACSE (Application Control
Service Element) for the manufacturing messaging service,
and by X.500, ACSE, and ROSE (Remote Operation Service
Entity) for the X.500 directory service. ACSE is an application layer protocol that is used to establish and terminate
an association between applications which can be on the
same system or different systems. ROSE is a generic OSI
service that allows applications to invoke request/reply
interactions with applications on remote systems. MMS
and X.500 are discussed in detail on pages 31 and 15.
The toolkit approach now becomes apparent. Once welldefined ASEs with consistent interfaces are available, they
can be combined to produce an application entity that provides a specific network service. And one or more such
application entities can be used to build an application
process.

lmplementation
Architecture
The HP MAP 3.0 upper layerarchitectureis basedon
Fig. 1. An example of the relationship between the upper
layer netuvorkingservlces components and the OSI Application Layer Structure terminology applied to these components.

the ALS specification.In this architecture an application
processis implemented as one or more HP-UX processes
working together. The upper layer architecture distinguishes between two types of processes:the service provider processand the user process.The service provider
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processis a processthat representsan application entity.
lt is composed of modules representingASEs and other
protocols and functions. The user processis a processthat
containsan application programthat usesthe servicesproThe upper
vided by one or more serviceprovider processes.
layer architectureis shown in Fig. 2.
The user starts a user processthat issuesprimitives to
activate one or more service provider processes.Each
primitive call results in the HP-UX forkand execoperations
on a service provider process.
User Process.The five modules in the userprocessprovide
the end user with a transparent interface to the network
services.
r Application Program. This is the program that the end
user usesto accessthe underlying networking services.
For MAP 3.0, application programs are MAP applications used for factory automation.
r Application Program Interface. This is the interface
through which the application program obtains access
to specific networking services, such as file transfer
(FTAM), manufacturingmessaging(MMS),and the X.500
directory services. For MAP 3.0, these interfaces are
specified by the MAP 3.0 subcommittees.2
r Event Manager. This module tracks pending requests
made by the application program to the application program interface.The application program uses the event
managerto synchronizethe completion of requests.
r Connection Manager. This module is responsible for
managingthe establishmentand termination of all connections for the application program.
r MessagingRoutines. Interactions between the application program and the service provider processesare in
the form of messagesover HP-UX domain sockets.The

User
Process

Service
Provider
Process
(sPP)

ASE= ApplicationServiceElemenl
Fig.2. The upper layer architecturefor HP MAP 3.0 networking services.
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messagingroutines implement thesemessagingservices,
hiding the specific mechanismsused from the application program.
When an application program activatesone or more service provider processes,it can make a requestthrough the
application program interface to establish a connection
with an application on a remote machine. Each requestis
passed as a messageto the appropriate service provider
processvia the messagingroutines. It is then processedby
the service provider processin accordancewith the protocol elementsfor that request.Within the serviceprovider
process,connectionsto remote applications and the connection to the application programare handled by sockets.
The socketconceptis identical to that used in the Berkeley
UNIX* 4.2BSDoperatingsystem.We will referto the socket
used for a connection to the application program as the
user socket,and the socketsusedfor connectionsto remote
applications as networking sockets.
Service Provider Process.The service provider process,or
SPPas it will also be referredto from here on, is an application entity in OSI terminology. The modules in an SPP
implement a particular network service.
r Control, This is the main controlling module in an SPP.
Its function is to wait in a loop and use the HP-UX select
call to query for events on the SPP'ssockets.When an
event is detectedon the user socket,the control module
invokes the application entity coordinator. When an
event is detected on a networking socket, the control
module invokes the presentation services. Based on
where an eventoccurs,the application entity coordinator
or the presentationserviceswill processthe event, and
if necessary,invoke other SPPmodules.
r MessagingRoutines.Like its counterpartin the user process,this module implements servicesfor messagebased
communication between the application program and
the SPP.
r Connection Management.This module performs core
functions associatedwith SPPinitialization and connection setup and termination. For connection setup, the
connection manager performs a directory lookup to obtain the addressof the remote application. Once this is
done, it coordinateswith the ASEs to obtain their protocol dataunit information, and then invokesthe presentation servicesto send the connection request.Should
the connection requestfail, the connection managerallows the application program to retry the connection
setup periodically. The connectionmanageralso allows
the application programto listen for connectionrequests
initiated by a remote application The connection manager also coordinates with the ASEs to terminate the
connection, obtaining protocol data unit information
from each ASE for the purpose.
I Application Service Element (ASE). The SPP uses one
or more network protocols, or ASEs, to implement a
particular network service.The service provided by an
ASE and the interface used to accessthis service are
specified by the OSI standards. For example, MMS,
X.500, FTAM, ROSE, and ACSE are ASEs with corresponding OSI specifications.
I Application Entity Coordinator. This module contains
UNIXis a registeredtrademarkof AT&Tin the U.S.A.and othercountries.

the value added functions that go beyond the functions
specifiedby the OSI standard.For example,the HP MAP
3.0 FTAM application interface specifiesa primitive to
copy a file. The application entity coordinator provides
this high-level service by using several lower-level
primitives specifiedby the OSI FTAM servicespecification. The application entity coordinator also manages
the operation of the ASEs.
I PresentationServices.The presentationservicesprovide
3'a
the servicesspecified for the OSI presentationlayer
and some additional features,such as negotiating and
handling presentationcontexts,PDU (protocoldataunit)
encoding and decoding,and PDU dispatching and data
streaming.
r Utilities. This module (not shown in Fig. 2) provides
servicesto other SPPmodules such as tracking memory
use, managingshared memory, and signal handling.
Connection and PDU Transmission
When a connection is set up, each ASE definesthe possible types of data that it might send. A set of such types
is called the presentation context. The presentation services negotiatethese contextswith the remote application
on behalf of the ASEs. Once the negotiation is complete,
the presentationservicesensure that any data sent or received is within the set of contexts negotiated.
When an ASE sends data to a remote application, the
data needs to be encoded into PDUs. Similarly, when a
PDU arrivesfrom a remote application, it must be decoded
and then dispatchedto the ASE to whose context the data
belongs.These functions constitute the encoding, decoding, and PDU dispatching functions. If a PDU that is to be
sent or received is very large, it may not be possible to
send or receiveit all at onceand it will haveto be streamed.
The presentationservicesfragmentsuch PDUsbeforethey
aresentand reassemblethe fragmentsasthey arereceived.
Example Scenario
The following example shows how the upper layer architectural components interact with each other. In this
example only one ASE is used.We assumethat beforethis
scenariobegins,the end user has startedthe user process,
which in turn has forked a serviceprovider process.At the
point where this scenario begins, the user's application
program wants to requesta connectionto a remote application. Fig. 3 shows the sequenceof eventsthat takes place
with this request.
1. The application requestsa connectionat the application
program interface with application-specificparameters.
2. An application program interface primitive calls the
event managerto registeran event.
3. The application programinterfacecalls the user process
connection managerto initiate the connection.
4. The connection managersendsa messageto the SPPto
initiate the connection.
5. A selectcall posted by the control module returns. Remember that the control module is a continuous loop until
it detectsan event.
6. Having detectedan event at a user socket,the control
module invokes the application entity coordinatorto handle it.

7. The application entity coordinator uses the messaging
interface to read the message sent by the user process.
B. Seeing that the message is a connection request, the
application entity requests the SPP connection manager to
set up a connection.
9. The connection manager calls each ASE (only one is
shown) to obtain the PDUs that need to be sent on the
connection request.
10. The ASE defines its presentation contexts and then
encodes its PDU by invoking the presentation services.
When these activities are done the ASE returns to the connection manager.
11. Having obtained each ASE's protocol data unit, the
connection manager requests the presentation services to
send the connect request.
72. The presentation services send the connection request
by using the socket connect primitives to send the protocol
data unit. This results in a new socket being created corresponding to the new connection.
13. The presentation services inform the control module
about the new socket. which must be added to the sockets
that the control module is already monitoring. When this
is done, return is made to the connection manager, then
to the application entity coordinator, and finally back to
the control module.
14. Back in its continuous loop, the control module again
issues a select call, waiting for the connect confirmation
to arrive from the remote application.
Encoding and Decoding
Protocol data units for ASEs and the presentation layer
are specified in the OSI standards in a format called
Abstract Syntax Notation One (or ASN.1).5'6'7 It is a BNFlike notation for specifying the structure and contents of
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Fig. 3. fhe steps involved and the interactionbetween uppel
layer architecture components when an application initiates
a connection to a remote application.
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PDUs. Included in the notation are several primitive types,
such as Boolean, integer, octet string,* and so on. AIso
defined are the constructed types, which are composed of
primitive and other constructed types. This process can be
applied recursively to define arbitrarily complex types. For
instance, a PDU using the constructed type Sequencecan
be defined as:
AssociatePDu :::
calledAETitle
callingAETitle
protocolVersion

SEQUENCE{
ApplicationTitle,
ApplicationTitle,
INTEGER,
6]
userData
[UNIVERSAL
IMPLICITOCTETSTRING}
Title :: : OCTETSTBING
Application

ASEs need to manipulate the PDUs they send or receive.
The PDUs can be complex, and writing code to manipulate
an ASN.1-encoded PDU can be a formidable task. Locating
a particular field within a PDU involves scanning the PDU
to find the desired field, the precise position of which
depends on the length and the number of previous fields.
For our implementation, this task is aided by the use of an
ASN.1 compiler. This approach takes advantage of the fact
that the ASN.1 notation is a formal language and is wellsuited for automated processing.
The ASN.1 specification for an ASE is input directly to
a compiler that generates a set of C data structures and
encoding and decoding routines (C functions). The C data
structures are included in the ASE code. PDU data is stored
in these data structures before encoding or after decoding.
Encoded PDUs are placed in a chain of data buffers. The
encoding and decoding routines are linked into the ASE
by the presentation services. AIso linked in are some
generic functions called the run-time library, which are
used to manipulate the primitive types. When the ASEs
invoke the presentation services to encode and decode their
PDUs, the presentation services determine the correct
routine to use based on the presentation context. Fig. 4
illustrates this facility.
Data Handling
We can now take a closer look at how data exchange
between two connected application programs is handled.
'A multipleof e ght bits.

Fig.4. The ASN.1encodingand decoding facility
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For outbound data the user sends the data to the SPP in a
message that is read by the application entity and handed
to the ASE. At this point the data is in C data structures
and not yet encoded. The ASE then invokes the presentation services to encode the data. This results in a buffer
chain containing the application PDU. The ASE hands this
buffer chain to the presentation services to be sent to the
remote application. Just before sending the PDU, the presentation services encode this data once more, this time to
add their own protocol control information. They then invoke the socket primitives to send the PDU.
For the inbound case. the scenario is reversed. When an
encoded PDU is received, the presentation services do a
first-level decode to remove presentation protocol control
information. Since each PDU can contain data with different presentation contexts, this process also identifies the
presentation contexts of the PDU. This involves establishing references (pointers) to the locations in the PDU buffer
chain for each different presentation context, and keeping
a reference count of the number of contexts. Once this is
done, the presentation services send the PDU to the appropriate ASEs. Each ASE decodes its portion of the PDU into
C structures and processes the data. As each ASE finishes
processing its data, the reference count is decremented,
and when the count reaches zero, the presentation services
release the entire PDU buffer chain.

Conclusion
The upper layer architecture has been used to develop
three OSI networking services in the HP-UX 7.0 release of
the HP MAP 3.0 product-FTAM,
MMS, and X.soo. By
identifying architectural components and internally standardizing their interfaces, developers can use this as the
platform for OSI development. The core components can
be leveraged for future services development, allowing developers to focus on the specific ASEs and their application
interfaces.

Acknowledgments
Many people contributed to the development of the
upper layer architecture for the HP MAP 3.0 product. WanYen Hsu, Doug Gregory, Suhas Badve, and feff Mendonca
contributed to it during the early specification stages.WanYen and Doug also went on to develop portions of the code.
Brian O'Keefe made several useful enhancements and feff
Kunz did a comprehensive performance characterization
of the architecture. Thanks are also due the then project
managers lean Yao and Atul Bhatnagar for providing the
environment and support for the successful completion of
this project.
References
1. Informotion ProcessingSystems- Open SystemsInlerconnection - Applicotion Layer Structure,ISO/DP9545,ISO/TC97lscz1'l
N1743.Iuh,. 1987.RevisedNovember1987.
2. MAP 3.o Application InterfoceSpeci/icction,MAP Technical
1988.
Subcommittee,
3. Informotion ProcessingSystems- Open SystemsInterconnection - Connection Oriented PresentotionService Specificotion,
N2335J.
ISO 8822:1988{ISO/IECJTC1/SC21
4. Information ProcessingSystems- Open SystemsInterconnection - Connection Or.ientedPresentotionProtocol Specificotion,

I S O 8 8 2 2 ; 1 s 8 8 0 S O / I E C J T C 1 / S C 2 1N 2 3 3 6 ) .
5. Informotion Processing Systems - Open Systems Interconnection - Specificotion of Abstroct Syntox Nototion One (ASN.1.), ISO
8824: 1987 (E).
6. Informotion Processing Systems - Open Systems Interconnection - Specificotion of Bosic Encod.ing Rules for Abstroct Syntox
N o t o t i o n O n e [ A S N . 1 . ) ,I S O 8 8 2 5 : 1 9 8 7 ( E ) .
7. K. K. Banker and M. A. Ellis, "The Upper Layers of the HP OSI
Express Card Stack," Hewlett-Pockord /ournol, Vol. 41, no. 1, February 1990, pp. 28-36.

DirectoryServicesin the HP MAP3.0
Environment
To providea standardizedimplementation
of a directory
servicefor locatingresourcesin the HP MAP3.0
environment,
the ISOX.500directorystandardis used.
by Beth E. Cooke,ColleenS. Fettig,Paul B. Koski, DarrellO. Swope,and Roy M. Vandoorn
S COMPUTER NETWORKS BECOME larger and
-or" complex, applications are being distributed
ff
throughout a network for maximum efficiency in
Fl
the use of the computer resources. Determining the location
of these applications is critical to the success of the network
from the user's perspective. A facility called a directory
service can be used to determine the location of applications and other resources in a network.
This article describes the general characteristics of a directory service and gives an overview of the ISO/CCITT
X.500 model, the directory service in HP MAP 3.0.
Directories
Directories have been around for many years, from the
telephone directory in the home to the card catalog at the
local library. With the size and complexity of the modern
computer network, automated directories are being introduced to perform a function in the network that is similar
to the role a telephone directory plays in the home.
Let's consider the world of manufacturing, where the typical operation uses a number of different and isolated computer systems. There is a mainframe application that manages the facility's entire inventory data base, a group of
engineering workstations for product design, robots for
controlling systems on the manufacturing floor, and personal computers that are used as terminals or low-level
workstations. The workstations, controllers, and personal
computers can be connected to other computers of the same
type, but they are usually isolated from the other systems.
For instance, the robot cell controllers may not communicate with each other, the CAD workstations onlv talk to

each other, and personal computers are often completely
isolated. These systems are classic examples of islands of
information.
To implement just-in-time manufacturing, which is
aimed at dramatically increasing manufacturing productivity and flexibility, these islands have to be coalesced into
a unified system. More specifically, floor cell controllers
should be able to update the inventory data base as they
use parts to build the products, and the design engineers
at the CAD workstations should be able to access the inventory data base to determine the immediate availability of
components that they may want to specify in their designs.
In fact, it may be necessary for them to be able to access
their supplier's inventory data base, which may be remote
and controlled by a different company.
In forming this complete system, there are many technical problems that arise, only some of which a directory
service can address. One of the fundamental difficulties is
that the new system will be very large and complex, and
therefore difficult for anyone to understand completely.
Another attribute of such a large system is that it will be
dynamic-new
components will be added to it and taken
away almost daily. Applications and subnetworks will
enter and leave the network. Paths between portions of the
network will also change frequently. Additionally, the addresses, availability, and physical locations of individual
applications and network resources may change. Thus, the
changes to the state of the network can be viewed as asynchronous events and applications cannot be required to
have prior knowledge of them. Finally, the expected useful
lifetime of an individual application can be relatively long,
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and it will interact and communicate with other applications more often than it will change its availability, address,
or other associated information.

Directory ServiceGharacteristics
A directoryservicecan help isolateapplicationsfrom
changes in the network by providing a globally accessible
repository of information about the different objects in the
network. In directory service terminology objects are items
such as printers, servers, workstations, files, directories,
gateways, users, and processes (applications). As new applications enter the system they can be registered in the
directory so that other applications can retrieve information about them, such as their current address and/or a
description of the services that they provide.
For the user's and application's benefit this large complex system should be as transparent as possible. One of
the primary goals in designing a transparent network is to
provide users with a simple and intuitive view of the network. The directory service can help with this problem by
providing a facility through which network objects can be
named in an abstract and consistent manner. In general, it
is much easier for users to use abstract names than descriptions. For instance, individuals are addressed by a name
like "Joe," rather than a description like, "tall 12-year-old
with dark hair that lives across the street." This naming
facility also helps with the second general problemchanges. IfJoe moves, or gets older, he is still going to be Joe.
Although users and hence applications generally prefer
to identify objects with relatively simple, English-like
names, processes on a network might need to have more
information about an oblect. If the object is a file, they may
need to know which machine it resides on, the directory
it resides in, what type of file it is, and the filename. This
conflicts with the type of simple naming that users would
prefer. One goal of a directory service is to provide a naming
mechanism for users that does not require them to provide
system dependent knowledge about objects.

DirectoryServiceFunctions
As mentioned earlier, a version of a directory service
that has been used for years is the telephone directory.
Humans are not particularly fond of having to memorize
phone numbers to use the system. However, humans are
fairly good at remembering names or places of business.
In the United States a telephone directory is divided into
two sections: the white pages and the yellow pages. The
white pages are used to retrieve information, such as a
person's phone number, address, and middle initial. In
terms of the directory service, this is known as name-toproperty binding. A user-friendly name can be used as a
key to retrieve information associated with an obiect or
properties of an object, such as its network address.
The yellow pages section is used to find the information
needed to communicate with some set of people, normally
businesses. When the process is examined a little closer,
what actually happens is that a property, say Hewlett-Packard dealership, is used to restrict retrieval to only those
businesses that are Hewlett-Packard dealers' In directory
service nomenclature this is property-to-name binding. In
a network environment, a client mav wish to see a list of
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all printers in the building that support a particular font,
or all of the workstations that have a certain memory configuration.
Unlike the common phone directory the directory service
allows clients to use aliases or nicknames to identify an
object. This is classified as providing name-to-name binding. All of the names in a particular set or equivalence
class map to the same object. For example, the mail address
could simply be addressed as Fred
/USA/HP/lND/Cupertino/Fred,
and the directory service would take care of mapping Fred
to the full mhil address.
Similarly, the directory service provides a name-to-listof-names binding service that returns a list of objects given
a single object name. This is a facility that can be used for
mailing to groups of users (distribution list), or in defining
levels of access to network lesources.
Inherent in the requirements for the four types of binding
(name-to-pointer, pointer-to-name, name-to-name, and
name-to-list) is the responsibility for storing information.
The data store contains a set of names and a set of properties
that are associated with these names. The combination of
a name and a set of properties defines an object in the data
store. The directory service also contains the ability to differentiate, in a simple form, between different classes of
data. For instance, it can distinguish between the logon
name "foo" and the presentation level address "foo." It
can also tell that the printer named "Tom" is different from
the person with the same first name. In a very fundamental
sense, the directory service uses some semantic information as well as syntactical data.
Named objects must be organized in a hierarchical tree
structure that enables unambiguous, and possibly context
sensitive naming. The purpose of this tree is to provide
network administrators and users with logical groupings
of the objects they are likely to reference. This tree, or
directory, may be organized along some logical grouping
such as an organizational structure or geographical locations.
The directory service acts as a globally available register
of system information about the objects that are in the
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Fig. 1. fhe function of the directory user agent (DUA).

network. When requested, it retrieves specific portions of
this data for clients. This implies that the directory service
provides a dynamic binding capability for its clients. For
the clients to rely upon the directory service, it must contain current and accurate information about the state of the
system. If it does, it will serve to increase the network's
overall reliability because information about network resources can be registered with one service that is responsible for sharing this information with processes on a
dynamic basis. This feature gives the system a self-configuring capability that would not be feasible if the information
had to be statically given to each client that might need
the data. This way, changes to the network have a minimal
impact on network operations and applications can view
the network as a relatively stable and abstract system.
Specifically, a directory service is an administrative
name management facility for a transparent, distributed
processing system. It provides a global naming service and
manages information associated with each named network
object. With a directory service, users and applications can
refer to objects in an intuitive manner. Administrators can
limit access to and manage information on these objects
through facilities provided in the directory service.

A Directory Service Standard
It is possible to conceive of different ways to implement
a directory service, and with multiple vendors implementing directory services it is unlikely that these implementations will be able to communicate or interoperate unless
there is a directory standard. Therefore, to ensure interoperability between the different implementations of a
directory service, two international standards organiza(International Organization for Standardizations-ISO
tion) and CCITT (International Telegraph and Telephone
Consultative Committee)-began a collaborative effort to
standardize directory services. This work resulted in the
CCITT lSBB X.500 standard and ISO IS 9594. These two
standards are identical. For simplicity, the directory standard will be referred to as X.500 throughout the remainder
of this article.

What is X.500?
To provide a standardized directory, three areas must
be defined: the architecture, the information, and the operations. X.500 defines all three. The architecture, called
the directory model, defines two agents: the directory user
agent and the directory system agent. The directory itself
is defined as a repository of information about objects. The
information, called the informational model, defines the
storage of the different types of data and the rules to which
it must conform. The operations, or directory services, are
the operations that can be performed on the directory. Together, these two models and the operations form the model
for the X.500 directory standard.
X.500 Directory Model
There are four objects in the directory model: the directory user, the directory, the directory user agent (DUAI and
the directory system agent (DSA). The directory user can
be either a user or an application. For a directory user to
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Fig.2. Thefunctionof the directotysystemagent(DSA)in
the directorymodel.
operate on directory information, a connection must be
establishedwith the directory (seeFig. 1). This is the job
of the DUA. The DUA representsthe user to the directory.
Interaction between the DUA and the directory occurs at
an accesspoint. The accesspoint is the conceptual point
at which an abstractservice is obtained.
The directory is made up of one or more DSAs (seeFig.
2). The role of a DSA is to communicate with the DUA
representingthe user,either directly or indirectly via other
DSAs, and to provide accessto the directory information
it is responsiblefor storing. When the directory consists
of a single directory systemagent,all directory information
is containedwithin it. When the directory consistsof multiple DSAs, directory information is distributed between
the DSAs, which must share the information through a
network. This is referredto as a distributed directory. The
data contained within the directory is collectively known
as the directory information base.
The overall X.500 model is shown in Fig. 3. Here, multiple directory userscan accessthe directory through their
own DUA. Userscan reside on the samesystem,or across
multiple systems.The DUA doesnot have to reside on the
samesystemas the DSA with which it communicates.The
directory itself may be spreadacrossmultiple systemsand
information is sharedthrough interfacesbetweenthe DSAs.
Each DUA communicates user requests to and receives
results from the directory through a DSA's accesspoint.
The information received may reside in the DSA that the
DUA is accessing,or in another DSA.
X.500 Informational Model
The informational model defines four areas:directory
information base, directory entries, names,and directory
schema.
Directory Information Base. The directory information
baseis the collection of information storedin the directory.
This information representsobjects.An objectis something
that is identifiable (canbe named)and is of interest.When
an objectis storedin the directory it is known as a directory
entry. For entries to be found after they are stored in the
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Fig. 3. fhe overallX.500model.
directory, the entries are logically arranged in a tree structure with each entry representing a vertex (see Fig. ). This
structure shows the parent/child relationship between objects in the directory.
Directory Entries. The information stored in an individual
entry is divided into attributes. Examples of attributes are
phone number, surname, and country. Many of the directory entries represent similar objects that are grouped into
an object class (e.g., software applications, devices, countries). The entry's object class determines the attributes an
entry may and must contain. Each attribute consists of an
attribute type and an attribute value. The attribute type
identifies the attribute as a predefined type, such as organization name, locality, or presentation address.
Names. To identify a particular entry, the entry requires a
name. This name is referred to as either a distinguished
name or a directory distinguished name. Each distinguished name is unambiguous and represents just one entry
in the directory. In the X.500 standard, the distinguished
name is a path down the tree to the entry. Therefore, a
particular distinguished name consists of the parent's name
plus the information on how to proceed down to the last
branch. To identify the path to the last branch in the directory tree, each entry has one or more naming attributes.
Each naming attribute has exactly one attribute value called
the distinguished attribute value, which is used for naming
(see Fig. 5). Each child is uniquely identifiable and distinguishable from its siblings by its naming attributes.
Directory Schema. The directory schema is the set of rules,
definitions, and constraints that define the conformance
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requirements for all directory entries and their related information. These requirements govern four areas: the tree
structure of the directory information base, the entries, the
attributes, and the attribute values.
The rules governing the tree structure of the directory
information base define which entry can be the child of
another entry, as well as which attributes can be used to
distinguish one entry from another (naming attributes). The
rules governing the parent/child relationship are based on
object classes and are necessary for maintaining a level of
organization in the directory information base. For example, it would make no sense for an entry defining a person
to be the child of an entry defining an application. It does
make sense,however, for the person's entry to be the child
of an entry defining an organization.
Root

t

)b

^'

v
Fig.4. Thedirectorytnformationbasestructure
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The rules governing the naming attributes are necessary
to allow a directory user to estimate easily the name of an
entry. For example, the naming attribute for an entry of
the object class organization would be the organization
name. Using an attribute such as a locality name would
make naming ambiguous.
Each entry must conform to rules inherited from its object
class. As discussed above, the object class dictates when
attributes may and must be part of the entry. Other than
those dictated, no additional attributes can be included in
the entry.
Each attribute must conform to a set of rules defining its
identifier, the syntax of its value, and whether the attribute
can contain one or more values. These rules allow the
directory user to interpret the data retrieved from the directory. For example, the value of a presentation address attribute is defined as a single occurrence of a specialized structure, whereas the value of an organization name is defined
as one or more occurrences of a character string.
The final set of rules governs the syntax of attribute values. An attribute value's syntax identifies the rules used
for matching a value of a particular type. For example, it
is necessary to use a matching rule during a search, when
the user has specified some properties to be matched.

X.500DirectoryServices
Three types of operations are defined in the X.500 standard:
I User authorization: bind, unbind
r Data retrieval: read, compare, list, and search
I Data maintenance: add, modify, rename, and remove
The user authorization operations can be thought of as
logging into and logging out of the directory. The bind
operation is used to initiate a directory session when the
user provides identification. The unbind operation is used
lo terminate the directory session.
The data retrieval operations are used to obtain information from the directory. The most common operation is
read. The read operation is used to perform name-to-property, name-to-name, and name-to-list bindings, and returns
the information stored in the entrv. The compare operation

Fig. 5. The structure of a distinguished name.
is used to verify the value of an attribute. The list and
search operations are used for property-to-name bindings,
and returns entries that meet certain criteria.
The data maintenance operations are used to add, modify, rename, and delete the information in the directory.

HP MAP 3.0 Directory Service
The directory's name-to-property binding operation is
used in HP MAP 3.0 by two application level services called
File Transfer, Access, and Management (FTAM) and Manufacturing Message Specification (MMS). These two applications are described in more detail in the articles on pages
24 and 3'1,.
The FTAM standard specifies a virtual file store, a set
of services to manipulate that file store, and the protocols
that define how to use the services. If a user program wishes
to use any FTAM service, it sends a request to the FTAM
initiator. The FTAM initiator then sends the user program's
request to an FTAM responder that will service it. Fig. 6
shows how this process works.
Directory services are used by the FTAM initiator when
it needs to find the network address of the FTAM responder
that will service the request. The FTAM initiator sends a
distinguished name to the directory via a DUA. The DUA
will return the correspondingnetworkaddress of the FTAM
responder to the FTAM initiator. After the initiator has the
address, it can establish a connection with the responder.
The Manufacturing Message Specification (MMS), which
is the other HP MAP 3.0 application that uses directory
services, provides data handling between a variety of
machines in a manufacturing environment. The services
of MMS are provided to a client by an MMS service provider
process (see Fig. 7). When a client issues a request, MMS
takes the request and sends it to the appropriate machine
to service the request. When the client MMS service provider needs to establish a connection to the machine
(server) that will service the request, the directory service
is used to get the network address of the server. Once the
client has the network address, it can then establish a connection to the desired server.
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Fig. 7. Process of communicationin MMS.

in FTAM.
Fig.6. Processof communication
The architecture for the directory service for HP MAP
3.0 is an X.500 implementation. Within the flexibility of
the X.500 standard,certain liberties were taken for performance reasonsand easeof imolementation.
Design Decisions
A centralized directory information base was selected
for HP MAP 3.0 becauseit was easierto implement and it
satisfied our schedule constraints.With all the directory
information centralized,it is only necessaryto havea single
DSA. This eliminatedthe needfor communicationbetween
DSAs and the need to implement the X.500 directory system protocol, which defines the protocol between DSAs.
The DUA representsthe user to the directory. There are

two ways to implement the DUA. One way is to have one
DUA per user and the other is to have one DUA per system.
The latter alternative was chosen because of the typical
use of X.500 in the HP MAP 3.0 environment. Each process
would normally obtain a single address from the directory
and then perform its task. It was determined that creating
(forking) a process each time an address was needed would
be too expensive in terms of performance. Linking the entire directory user agent into the user process was not done
either because of process size concerns.
The final decision was to combine the DUA and the DSA
into one process on the machine containing the directory
information base. There needed to be a DSA daemon process to service directory requests from DUAs on other systems. At a minimum, the DSA daemon needs the ability
to receive local interprocess messages for administration
operations. It was not a large extension to fold the DUA
agent functionality into the DSA process.

Architecture
An overview of the architecturefor the directory service
in HP MAP 3.0 is shown Fig. B. There are three processes
that make up the directory services:the user process,the
DUA, and the coresidentdirectory useragent/directorysys-

HPPOUS= HP Protocol Data Units
APDUs = Application Protocol Data Units

Fig. 8. X.500high-levelarchitecture in HP MAP 3.0.
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The Data Base
As can be seen from the role of the data base access
module, the data base storesmore than just the directory
information base.Recallthat the directory information base
is defined as the complete set of information to which the
directory provides access.In addition to data for the directory information base, the data base also contains the
schema rules and proprietary information such as user
capability levels.
The data base is implemented as a relational data base
with an SQL (StructuredQuery Language)interface.Data
stored in a relational data base is organized into tables.
The directory information base is divided between three
tables.The first table storesthe directory information tree.
This is done by representingthe parent-childrelationships
of the entries.The other two tablesstorethe data.The data
is divided between two tablesto separatethe naming and
the nonnaming attributes.This was done to optimize the
speed of name resolution.
Retrievinginformation from an entry involves two steps.
First, the distinguishednameof the entry is usedto navigate
through the tree to the entry desired.The table storing the
directory information tree, that is, the table that storesthe
parent-child relationships,is the table used for this navigation. These relationships are used to step through each
level of the tree until the specificentry is located.The table
storing the naming attributesis used to verify the relationship at each level of the tree.
Since traversingthe tree to locatethe entry specified by
the distinguishedname is time-consuming,two techniques
are used to optimize this task. The first is the use of a key
to limit the searchesperformed at each level of the tree.
At each entry in the path, which is representedby the
distinguished name, a search is made for all children of
that entry until the child that matchesthe given naming
attributes is located. This has been simplified by creating
a key from these naming attributes.This key is stored in
the table with other directory information tree information.
Ratherthan searchingall the children of a given entry, this
schemelimits the searchto only those children whose key
matchesthe key derived from the given naming attributes.
With this optimization, the searchesrequired at eachlevel

of the tree are limited to a subsetof the children, which is
quite often a single child.
The secondoptimization actually bypassesthe tree traversal by using a cache of commonly used distinguished
names. Each distinguished name has a unique identifier
associatedwith it. This identifier is assignedby the data
baseand is usedfor internal searches.The result of locating
an entry through tree traversalis this identifier. The cache
simply mapsthe distinguishednameto this identifier without the overheadrequired by traversingthe tree. In addition, the attribute that containsthe network addressis also
stored in the cache. This optimizes the most commonly
usedfunction, the retrievalof an addressfor a given entry.
Once the entry specifiedby an operation is located,the
operation is then performed on the entry. In the caseof a
read operation, the requestedattributesare retrieved from
another table that holds all entry information. The data
base accessmodule then returns the requestedattributes
to the coordinator module and these attributes are ultimately returned to the user processthat made the original
request.
Gonclusion
As applications becomemore distributed, directory services are going to play an ever increasingrole. In HP MAP
3.0, the directory is used to determine the network addressesof applications.HP MAP 3.0 is the first user of this
implementation of the X.500 directory.
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HP MAP3.0 File Transfer,Access,and
Management/800
FileTransfer,
Access,andManagement,
orFTAM,is an OS/
standardthatdefinestheframeworkuponwhichlayerseven
file transferservicescan be built for accessingand
managingfilesacrossopensysfems.
by StevenW. Manweiler
HE BASIC DISTRIBUTEDfile system capability for
OSI communication is defined by the file service
standard called File Transfer,Access,and Management (FTAM). FTAM defines facilities for the transfer of
files between open systemsand provides a framework for
accessingand managingfiles acrossopen systems.
While FTAM provides functionality similar to conventional file transferservices,FTAM is not strictly a file transfer service.It also provides the ability to perform functions
such as reading and writing parts of remote files, and obtaining or modifying attribute information associatedwith
a remote file. FTAM should not be thought of only as a file
transfer service,but rather as a framework on which services such as file transfer can be built. In fact, a service
such as a distributed file system could be built using
a suitable FTAM implementation. However, the main
strength of FTAM is that it is a system independent file
service.Any two vendorswith FTAM implementationscan
communicate with each other using FTAM regardlessof
the types of file systemssupported by those vendors.
FTAM is defined in the International StandardsOrganization (ISO) document ISO 8571.1This document defines
the file service,the file protocol, and a common model of
a file system.However, it does not define a user interface.
Various committeesare currently working on defining interfacesfor FTAM, or have already done so. One example
of an existing programmatic interface for FTAM was defined by the North American MAP/TOP (Manufacturing
Automation Protocol/Technical Office Protocol) Users
Group.2
Another standardsorganizationinvolved with FTAM is
the U.S.A. National Institute of Standardsand Technology
(NIST).3Four times a year NIST hostsa workshop in which
vendors meet to develop implementation agreementsfor
existing OSI standards.
This article describesthe basic conceptsof FTAM, the
functionality of FTAM in HP MAP 3.0, and some aspects
of HP's design and development of FTAM.

Overview of FTAM
The FTAM standard (ISO s571) defines FTAM in three
parts: the virtual file store (VFS), the services,and the
protocol. The virtual file storedefineshow to handle different files structures,the services define the functionality
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that can be requestedby the user, and the protocol defines
the order in which the servicescan be used.
Virtual File Store
The virtual file store,or VFS, is the most important aspect
of FTAM. Becauseof the wide variety of file systemsand
file structures available on different systems,a common
representationof a file system is needed to facilitate the
transferand accessof files betweendissimilar systems.The
VFS is this common (virtuall file system.It defines a set
of actions (operations)that can be performed on virtual
files. a set of attributes associatedwith virtual files, and
the structure (model) of virtual files. Each FTAM implementationis responsiblefor mapping the featuresof the
VFS onto the mechanismsprovided by its file system.
VFS File Actions. The actions that can be performed on
VFS files are similar to thoseprovided by most file systems.
Users can create and delete a file, open and close a file,
read or changethe attributes of a file, read or write all or
parts of a file, and eraseor move to various locations in a
file.
VFS File Attributes. A set of attributes is defined for each
file in the VFS. These attributes are propertiesthat, aside
from the data in the file, completely describethe file. A
file has basic attributessuch as its name, its type, and the
actionsthat may be applied to that file, alongwith attributes
that specify accounting information, history, user access
restrictions,securityrestrictions(e.g.,passwordsJ,and concurrent accessrestrictions.
The setof attributessupportedby the VFS is largeenough
to have a logical mapping to any file system.In fact, most
real file systemssupport a much smaller set of attributes
than that defined by the VFS.This set of attributescontains
mandatoryand optional attributes.All FTAM implementations must support the set of mandatory attributes, and
may chooseto support an optional attributeif, for example,
that attribute has a natural mapping onto that implementation's file system.
An example of a mandatory attribute is the permitted
actions attribute. FTAM defines a set of actions that can
be performed on an existing file. These actions include
read, insert, replace,extend, erase,read attributes,change
attributes,and delete file. The permitted actions attribute
for a file definesa subsetof theseactionsthat canbe applied
to that file. Any FTAM user is capableof performing this

subset of actions on the file. FTAM defines an optional
attribute called access control that is used when a finer
granularity of access restriction is needed for a file. For
example, it allows the creator of a file to designatethe users
that can accessthe file, and by setting the permitted actions
for each user, designate how each user can accessthe file.
If this attribute is not used, any user can access the file.
Another attribute of the virtual file store worth mentioning is its file locking mechanism, which is called concurrency control. When accessing a file, an FTAM user can
specify a separatelock for each file accessaction. For example, a user can specify a shared lock for the read action
and exclusive locks for the write actions such as insert,
replace, extend, and erase.
Virtual File Store File Model
The most important feature of the virtual file store is its
file model. This file model specifies the file data types, the
file structure, the file access operations, and the encoding
of file data for transfer.
The VFS uses a very general hierarchical model to describe the structure of all files (future addenda to ISO 8571
may include the definitions of other file models such as a
network model or relational data bases).In this model, a
virtual file is an ordered tree of any depth. Associated with
each node in the tree is an access point in the file called
a file accessdata unit (FADU). These accesspoints may or
may not have user data associated with them. The user
data is structured into groups called data units. Fig. 1.shows
this file model.
It is possible to accessall or part of the information stored
in the tree. When accessinga specific node in the tree, all
data contained in the subtree of a node is available to the
user. Thus, to read a complete file, the user can either
traverse the entire tree (preorder traversal is used), or the
user can read all data associated with the root node of the
tree in one operation.
Abstract Syntax Notation One (ASN.1) is used for
specifying the types of information in a file and how this
information is encoded for transfer. ASN.1 provides a common way to specify the format of the data that is to be
transferred by FTAM. See the article on page 11 for more
about ASN.1.

Most of the file structures of existing file systems are
more restricted than that specified by the VFS file model.
For this reason the VFS defines the notion of a document
type. A document type defines practical file types by imposing restrictions on:
I The structure of the file
r The types of the data in the file and the amount of structuring inforrnation present in the file
r The actions that may be performed and when they may
be performed
I The mechanism of encoding data for transfer.
Fig. 2 shows the structure of a document type that is
called FTAM-1 in the FTAM standard. FTAM-1 models
simple text files such as an HP-UX text file, which is simply
a sequenceof bytes without any structure. This type of file
consists of one FADU that contains one data unit. The data
unit contains the contents of the entire file. The FTAM-1
document type restricts the file's contents to text (i.e., the
file may not contain integers or floating-point numbers).
The document type definition also places restrictions on
how files may be transferred and accessed.For example,
data in FTAM-1 files can only be written at the end of the
file, and it is not possible to read parts of an FTAM-1 file,
that is, the entire file must be read.
Fig. 3 shows another document type called FTAM-2.
This document type models record-oriented files. In this
model, each record is represented by a FADU and each
FADU contains one data unit that represents the contents
of the record. In addition, a root node without an associated
data unit is included in the structure. This gives the user
the ability to address the entire file in one operation. This
is useful for situations in which the user wishes to read
the entire file. If there were no root node, the user would
have to read the file one record at a time in separate operations. Again, the contents of data units for files of this
document type are restricted to text.
The FTAM-2 document type definition also places restrictions on how various operations can be applied to files.
For example, the erase operation can only be applied to
the root FADU (i.e., only the whole file may be erased).
Furthermore, new records can only be added to the end of
the file and existing records cannot be changed or updated
(i.e., only read access is allowed on existing records).

FileAccess DataUnit (FADU)

Fig. 1. GeneralFTAM file model
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Fig. 2. Structureof an FTAM-1file.
Each FTAM implementation supports a certain set of
document types. Developers will usually choose to support
document types that closely model the file types supported
by their operating systems plus document types that model
files of other vendors for interoperability purposes. For
example, the document types FTAM-I and FTAM-3 map
naturally onto HP-UX file systems, while the document
type FTAM-2 maps naturally onto record-oriented file systems. FTAM-3 is identical to FTAM-1 except that FTAM-3
files contain only binary data. HP's MAP 3.0 FTAM/800
supports all three of these document types.
Services and the Protocol
FTAM defines a set of services that can be requested by
the user. The services available in FTAM allow users to
establish, release, and abort connections, create and delete
files, open and close files, read and change the attributes
of a file, read, write, and erase a file, and move to different
locations in a file. The order in which these services can
be used is also defined and represents the FTAM protocol.
The protocol is strictly connection-oriented and follows
the requestor/server model (see Fig. ). In this model, a
requestor (initiator) makes requests to a specific server (responder). The responder can handle requests simultaneously from more than one initiator. In FTAM, the initiator
is the user and the responder acts as the entity manipulating
the (possibly remote) virtual file store.
During protocol exchanges, the initiator and responder
build a series of nested stages or regimes. There are four
such regimes that can be constructed during the course of
an FTAM dialogue. These regimes are:
r The FTAM regime (a connection is made between initiator and responder)

The file selection regime (a specific file is selected or
created)
I The file open regime (the selected file is opened)
I The data transfer regime (data is transferred between the
initiator and responder).
FTAM Regime. The FTAM regime is entered when an initiator establishes a connection with a responder. When
establishing a connection, the initiator and responder
negotiate what can be done on the connection. This negotiation is necessary because implementations are not required to support all of the FTAM functionality. This
negotiation takes place in two steps. First, the initiator
sends a connect request that contains information concerning what operations the initiator wishes to perform on the
connection. Next, the responder issues a connect response
back to the initiator indicating which of the requested operations the responder supports.
The initiator may terminate the FTAM regime (i.e., close
the connection) using the FTAM terminate request. A connection may be terminated at any time using the FTAM
abort service. This is an unorderly method of terminating
a connection. For example, if a connection is aborted during
a data transfer, the file being accessed may be left in an
undefined state.
File Selection Regime. Once the FTAM regime has been
established, the next step is to select or create a file. All
operations in subsequent regimes are applied implicitly to
this file. When the initiator is finished with this file, a new
file can be specified by exiting and reentering the file selection regime. Once the file selection regime is established,
the initiator can request file management operations without entering any other regimes. For instance, the initiator
may read the attributes or modify the attributes of the currently selected file. The file selection regime can be terminated by the initiator by deselecting or deleting the file
using the FTAM deselect or FTAM delete service. The
FTAM protocol then reenters the FTAM regime.
File Open Regime. Before any data transfer can take place,
the selected file must first be opened. This is the purpose
of the file open regime. When a file is being opened, the
initiator specifies the data transfer operations to be performed on the file. Once the file open regime is established,
two data access operations may be performed prior to the
establishment of the data transfer regime. The initiator may
either erase all or part of the file or move to a specific
location in the file. When all data access and data transfer
operations are completed for the currently opened file, the
file open regime can be terminated by the initiator using
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the FTAM file close service. The FTAM protocol then reenters the file selection regime.
Data Transfer Regime. The innermost regime of the FTAM
protocol is the data transfer regime. In this regime, all or
part of a file is transferred unidirectionally between the
initiator and responder. There are three steps involved in
this regime. First, the initiator specifies the direction of
the data transfer (i.e., reading or writing) and the parts of
the file to be transfened. Next, the specified data is transferred. Finally, an orderly end-of-data transfer is performed. This entire process may be performed more than
once without having to close the file. Once the data transfer
regime is completed, the FTAM protocol reenters the file
open regime.
FTAM defines an optional error recovery protocol that
facilitates recovery from errors such as a broken connection
or the failure and restart of a remote host.

IIP MAP ll.0 and FTAM
HP's MAP 3.0 FTAM/800 product is completely compliant with the FTAM standard ISO 8571 and the NIST
Phase II Implemention Agreements.t HP's virtual file store
supports a complete implementation of three document
types: FTAM-1. (unstructured text files), FTAM-3 (unstructured binary files), and FTAM-2 (record-oriented text files).
The VFS also supports the full functionality of concurrency
control, the majority of the access control functionality,
and many other attributes. The protocol implementation
is also relatively complete. All major components of the
protocol are implemented with the exception of restart and
recovery.
HP MAP 3.0 FTAMiB0O consists of three different processes: a user process, a service provider process, and a
responder process (seeFig. 5). This implementation follows

Network

_l

model.
Fag.4. FTAMrequestorlserver
the HP MAP 3.0 upper layer architecture described on page
1,1,.

User Process
The user process contains the user's application program
along with the MAP FTAM library. The MAP FTAM library
is a set of C functions callable by a user's C program. The
functions in the library provide the MAP FTAM application
program interface for user applications. The library validates parameters passed in calls to its functions and translates these calls into requests to the service provider process. The service provider process and the user process
communicate using HP-UX domain sockets.
The MAP FTAM interface provides two types of calls:
low-level calls and high-level calls. Low-level calls perform
one FTAM service request while high-level calls perform
a sequence of FTAM service requests. An example of a
low-level call is flcreateQ,which creates an FTAM file, and
an example of a high-level call is fLfcopyfl,which performs
all of the FTAM service requests necessary to copy a file
from one location to another.
To establish a connection to a remote responder using
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Fig. 5. FTAM implementation for
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the MAP FTAM interface,the usermust specifythe address
of that responder. The MAP FTAM interface supports two
forms of addressing:directory distinguished names and
presentationaddresses.If the user supplies a directory distinguished name, the MAP FTAM library issuesa request
to the X.500 directory service,which resolvesthe name,
and returns the appropriatepresentationaddress.The MAP
FTAM library can then issue the connect request to the
lower layers of the OSI stack.If the user provides a presentation address,the X.500 serviceis not used. Seethe article
on page 15 for more information about X.500.
Each call has two modes of operation:synchronousand
asynchronous. In synchronous mode, the request completes entirely beforecontrol is returned back to the caller.
In asynchronousmode, the call returns once the request
is sent to the initiator protocol machine. Another call is
provided so the user can check the status of outstanding
requestsand receivethe resultsof requestswhen they complete.
Service Provider Process
The serviceprovider process,which is forked by the user
process,contains three modules: the MAP interface provider, the initiator protocol machine,and the VFS module.
The function of the MAP interface provider is to translate
MAP FTAM requestsinto requeststo the initiator protocol
machine. For low-level MAP requests,this translation is
trivial since the low-level MAP FTAM requestsare modeled afterthe initiator protocol machine services.However,
the high-level MAP FTAM requests like ft-fcopymust be
issuedin a seriesof callsto the initiator protocol machine.
The initiator protocol machine accepts FTAM service
requests from the MAP interface provider and validates
the requeststo ensurethat they are made in valid protocol
sequenceand that the parametersare compliant with ISO
8571 and the NIST Phose II Implemention Agreements.
After validation, one of two actions takes place. If the request involves a file on a remote system, the request is
encoded using ASN.1 and sent to the responderoperating
on the remote system.If the request involves a local file,
a requestis issued to the VFS module, which accessesthe
file from the local file store. Note that requestsfor local
files could have been handled in the same manner as requestsfor remote files. This different method of local file
accesswas added as a performanceenhancement.
Responder Process
The responderprocess,which runs as a daemon (server)
process,contains the responderprotocol machine and the
VFS modules.It waits for connectrequestsfrom an initiator
and when one is received, it forks the child processthat
handles all operationson that connection.When the connection is terminated, the child processexits.
The VFS modules area library of functions that arelinked
with both the service provider processand the responder
process.The implementation is straightforwardwith a few
exceptions.The exceptions occur in the areasof concurrency control and attribute support. Since HP-UX doesnot
provide a file locking mechanism sufficient to handle
FTAM's concurrencycontrol features,sharedmemory was
used to implement concurrency control. BecauseFTAM

28 HEWLETT-PAcKARD
JoURNALAUGUST1990

requires the support of attributes that do not map naturally
to HP-UX file systems,shadow files are used to store various FTAM file attributes.One shadow file exists for each
file accessiblewith FTAM. A shadow file resides in the
same directory as the file it describesand makes use of a
".-" prefix on the filename to make it transparent on an
HP-UX ls (list contents of a directory) command.
File Copy Scenarios
Three different scenariosexist when copying a file using
FTAM. The first and most common scenariooccurs when
a file is copied from a remote node to the local node. In
this scenario,one user process,one service provider process,and one responderprocessexist. The VFS in the service provider processhandlesall accessto the local HP-UX
file systemwhile the VFS in the responderprocesson the
remote node handles all accessto the remote HP-UX file
system. The data is transferredbetween the service provider processand the responder processusing the lower
layers of the OSI protocol stack.
The second scenario occurs when a file is copied from
one location in the local file store to another location in
that same local file store. In this case,there is one user
processand one serviceprovider process,but no responder
process.The VFS in the service provider processhandles
all accessto the local file system.
The third and final scenariois the situation in which a
file is copied from one remote file store to another (or the
same)remote file store. In this case,there is one user process,one service provider, and two responder processes.
The responder on the source node transfersthe contents
of the sourcefile to the service provider process.The service provider processreceivesthe data from the responder
processon the sourcenodeand sendsthe datato the responder processon the destinationnode. The responderprocess
on the destination node receivesthe data from the service
provider processand writes the datato the destinationfile.
A more efficient method of transferringthe data would
be to have the two remote responderprocessescommunicate directly with each other. This method of communication is not possible with the FTAM protocol.

FTAM Design and Development
The development of the FTAM product involved project
teams from HP's Colorado Networks Division (CND) in Fort
Collins, Colorado and Information Networks Division (IND)
in Cupertino, California. There was also coordination with
HP's Roseville Networks Division (RND) in Roseville,
California, where the HP OSI Express card was developed.
The FTAM initiator and responder protocol machines and
the VFS module were developed at IND at the same time
the MAP FTAM interface was being developed at CND.
Since some of the interface code resides in the same physical process as the protocol machines, a great deal of communication was necessary to ensure the compatibility of
the module interfaces. The need for close communication
between geographically separate divisions, coupled with
the large code size of FTAM (75 KNCSS), created a complex
engineering problem that forced the project teams to follow
several "best practices" and to create a few of their own.

MAP FTAM Interface Development
Becausethe designeffort and FTAM expertisewere distributed over two organizations,the design of the MAP
FTAM interface for FTAM was difficult. At the time, the
protocol machines and the VFS modules were already in
the coding phase.Working from the MAP FTAM interface
specification and the external specificationsof the FTAM
protocol machine modules, the interface designersused
structured designmethods for the initial design.Structure
charts were used to document the high-level design, and
proved to be a valuable tool for communicatingthe design
to IND FTAM engineersat a high-level designreview. This
review and the tools helped to uncover many designissues
that would have gone unnoticed until the integration and
testing phase, which might have jeopardized the timely
releaseof the product.
The next step was the low-level design. In this step,
pseudocodefor the interface modules was developedthat
contained the major logic in the design. Again, a design
review was held to review this pseudocodeand more defects were uncovered.
Next, the code was developedusing a technique called
sliced implementation.In this approach,completevertical
slices of functionality are implemented in several stages.
This approachworked well with the MAP FTAM interface
since this interfacecontains about thirty calls. Thesecalls
were grouped into four disjoint sets and implemented in
four slices. The first slice contained the connection managementrelated calls, the secondslice contained the lowlevel file managementcalls (e.g.,create,open, close),the
third slice contained the low-level data transfer calls, and
the last slice contained the high-level calls.
The developmentand module testing of each slice were
performed in an efficient, pipeline fashion. When the developers finished a slice, the code was handed to another
engineerwho was in chargeof module testing each slice.
While this slice was being module tested,the developers
worked on the next slice.
Module Testing
The testing of the interface modules also posed an interesting problem for several reasons.First, as the slices
were completed,they could not be integratedwith the protocol and VFS modules since those modules were not
finished with their early testing phases.Second,the interfacemodulesresidein two different processes(userprocess
and service provider process),and when the initial slices
were being completed the utility routines for such funcand mantions asinterprocesscommunication (messaging)
agingconnectionswith remotemachines(connectionmanagement)were not finished. Finally, the amount of code
in the MAP FTAM interface modules alone is about 26
KNCSSand their interfaceswith other modules are numerous and complex.
Given these problems, we had to develop a special
method of testing thesemodules. Writing C code to simulate the nonexistent modules would have been too timeconsumingbecauseeachstub routine would have beentoo
general,or numeroussetsof stubswould havebeenwritten
generatingnumerous executablefiles. Also, becauseof the
amount and complexity of the parametersat each module

interface, validation of results would have been difficult.
To aid in this testing effort, a general module testing tool
was developed. This tool facilitates the rapid development
of module tests by alleviating some of the problems mentioned above. Testing using this tool involves two steps.
First, the tester describes the relevant interfaces between
the module being tested and the nonexistent modules.
Given this interface description, the tool generates an
executable file that contains the code of the module to be
tested, the code for an interpreter for executing module
test scripts, and code for transferring control between the
module interfaces and the interpreter.
The second step is to write test scripts that are executed
by the interpreter mentioned above. These test scripts are
written in a language designed specifically for module testing. The language is similar to C but is scenario-oriented
and contains facilities that simplify parameter validation.
Because the language is interpreted, errors in test scripts
can be quickly changed and rerun without having to recompile and relink. Using this language, the tester can specify
the order of events at the interface of the module being
tested. These events include calls to routines in the module
and calls from the module to routines in nonexistent modules. Each occurrence of a call to a nonexistent routine is
handled separately in the scenario. This simplifies the task
of writing stubs yet allows a great deal of flexibility since
the script code for each call can be tailored for that specific
instance. By forcing the tester to specify the exact scenario
for a test, a more rigid test environment is created where
spurious calls by the module or calls made out of order
cannot go undetected.
At strategic points in a test script, the tester can place
statements to validate various parameters and other data
values. These statements are assertions or print statements.
The printing facility provided by the tool automatically
formats the output according to the type of value printed.
It can even print an entire recursive data structure.
While a script is running, the tool prints out information
about the events that have occurred. When any failure occurs, the tool reports the failure and exits. The exact location of the failure in the scenario is known immediately
by the tester. This information helps in the debugging process. If the information printed by the tool is insufficient
to solve the problem, the script can be reexecuted in any
conventional debugger such as xdb.

ProductTest Suite
The testsuitefor the integratedFTAM productwasdesigned and developedas if it were an actual product. This
meansthat in the early stagesof design,much consideration
was given to creating a simple but flexible test suite that
had all the characteristicsof an HP product such as usability and supportability.
Typically, there are multiple test suites for a product.
For example,a product may have a functional test suite, a
reliability test suite, a stresstest suite, a performancetest
suite, and so on. Insteadof having completely independent
test suites for each type of testing, the FTAM test suite
encompasses
all types of tests.Thesesuiteswere developed
under a common umbrella, sharinga common architecture,
interface and output format. Among the advantagesgained
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by using this philosophy arethat a largeamount of common
code can be sharedacrosstests and the learning curve for
supporting and using the tests is reduced considerably.
The FTAM test suite featuresone uniform command line
interfacefor all of the different types of tests.The interface
contains many options that give the user a great deal of
flexibility in controlling the degreeof testing.Options exist
for specifyingthe test or setof test casesto run, the number
of iterations for each test, how long to run the tests, the
number of connectionsto use during testing,the namesof
the nodes (machines)to be used during testing,and so on.
For example, the user can specify that a set of reliability
tests run for 72 hours using a given set of nodes running
under a certain level of stress.There is also a single configuration file that can be usedto specify the valuesof various
parametersneeded during testing.
The test suite can be run manually or automaticallyusing
an automatedtest tool such as the internal HP tool known
as the scaffold.aThe output printed by the test suite contains only simple passedor failed messages.
This allows a
novice user to determine the results of a test easily. If a
test fails, the parameterinformation of the call that failed
is printed to aid in solving the problem.The output printed
by the test suite is uniform (and deterministic) acrossall
tests.
Each test in the suite is written in a uniform manner so
that all testshave some similar characteristicssuch as the
same architecture, interface, and naming conventions.
Once the design of one test is understood,the designof all
testsfor the product is also understood.A largenumber of
library routines exist that were designedto be as test case
independentas possible.Thesetwo factorsgreatlysimplify
the addition, modification, and deletion of tests or test
cases.
The time spent designing and developing the test suite
has been worth the cost. The test suite has proven to be
very usable and all membersof the FTAM team have become expert users of the suite within a short time. Tests
have been added and modified by different team members
with very few problems. Other project teamshave already
adoptedthe architectureand methodologyof this test suite
in the test suites for their products. Finally, a point worth
mentioning is that the amount of code for the test suite is
actually smaller than that of the product. This is a noteworthy achievement given the complex nature of the MAP
FTAM interface.
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Performance
Once the initial product was integrated, performance
tests were run to determine FTAM's file transfer throughput
rate. We discovered that FTAM could only transfer a file
at a rate of f kbytes/son an HP 9000 Series815 computer.
For this reason, a performancetask force was organized
consisting of engineersrepresentingall areas of the OSI
architecture.This task force identified major improvement
areas by taking performance numbers at different layers
and then analyzingexecutiontracesto determinethe most
significant areasfor performance improvement.
The areasselectedincluded the addition of the VFS to
the service provider processin the initiator, modification
of transportconfigurationparameters,and reduction in the
use of heap memory.With thesechanges,FTAM's throughput increasedfrom its initial value to 60 kbytes/son two
HP 9000 Series815 machines,and to 225 kbytes/son two
HP 9000 Series835 machines.
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HP MAP3.0 ManufacturingMessage
Specification/800
The first releaseof HP'simplementationof the MMS
standard offers powerful communicationtools for
monitoringand controllingrobots,PLCs,and otherfactoryfloor devices in the manufacturingenvironment.
by Peter A. Lagoni, Christopher Crall, and Thomas G. Bartz

HE MANUFACTURING FLOOR of the 1990s is a
highly competitive and complex environment.
Sophisticatedfactory-floordevicessuch as sensors,
logical controllers, and robots are used to manufacture a
variety of products. These factory-floor devices require
powerful communication links to create a fully automated
manufacturing environment.
To establish an environment such as this is not an easy
undertaking, and requires some critical components. First,
the tools and devices must be sufficiently sophisticated to
be applied to the task. Second, a means for controlling and
coordinating all of these tools in the environment must
exist. By some well-defined method, distributed or hierarchical control must be established and communicated
among the computers and devices.
Before the advent of the Manufacturing Automation Protocol (MAP), many of these components already existed.
Developers of factory-floor devices and controllers have
for some time provided mechanisms for controlling and
monitoring their products. However, these devices have
lacked another critical component-standardizationwhich provides reduced development and implementation
costs. When each robot or device requires its own proprietary control language, the work required to develop a fully
automatic manufacturing environment is complicated
greatly. If a designer consciously decides to reduce this
complexity by limiting the number of proprietary control
languages to be used, a corresponding limitation of available devices results.
The Manufacturing Message Specification (MMS) standard was developed to meet this need. Its success hinges
not only on its standardization, but also on its sophistication. To be a viable alternative to existing methods, it must
offer minimally the same level of control previously available through proprietary means. We believe MMS achieves
this goal, and we will devote much of this article to describing the powerful functionality that MMS delivers and how
we've implemented much of it in HP's first MMS product
offering, HP MMS/800. Before exploring this functionality
in greater detail, the development of MMS and the value
it provides will be discussed.

Historyof MMS
In 1980General
MotorsCorporation
formedtheGMMAP
Task Force to identify or create standards for multivendor

factory-floor communication. The MAP architecture developed by this task force is based on the International
Organization for Standardization (ISO) Re/erence Model
for Open Systems Interconnection (OSI). It uses standards
or subsets of standards that are appropriate for manufacturing at each layer of the OSI reference model. Because there
was no existing standard or even work in progress on a
standard that addressed the application layer (layer 7) communication needs between cell controllers and the devices
that they controlled, the MAP Task Force developed the
Manufacturing Message Format Standard (MMFS, pronounced "Memphis") to meet this need. MMFS was part
of the MAP 2.1 specification, which was published in 1985
and became the first generally useful version of MAP.
While MMFS provided a description of an application
layer protocol that could be used for factory-floor communication, an international standard in this area was still
needed. Even before publication of the MAP 2.1 specification, the Electronic Industries Association (EIA) agreed to
adopt all of MMFS and to reissue it in a form that would
be acceptable as an ISO standard. This new version became
known as the ManufacturingMessage Specification (MMS).
MMS is identified by the document numbers issued by
both EIA and ISO. The EIA number is RS-511 and the ISO
number is ISO 9506. While these numbers refer to documents maintained by two different organizations, the documents are identical.
While MMS was initially based on MMFS, the current
form of the specification shows little resemblance to its
predecessor. One of the reasons for this is that the documentation format required by ISO is different from the one used
for MMFS. Another is that ISO application layer specifications are designed to be implemented above an ISO presentation layer. MAP 2.1 had a null presentation layer. A third
reason for this change is that the MMS specification was
developed by a committee made up of employees of many
companies, not just General Motors, and input from these
different sources resulted in the specification's being expanded to meet newly identified needs.
MMS went through many drafts as it progressed through
the standardization process. By the time MAP 3.0 was issued, MMS had progressed to an ISO draft international
standard [DIS). It is this version that is included in the
MAP 3.0 specification and implemented in the HP MMS/
800 product.
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An ISO DIS is one level below the most stabledesignation
given by ISO, which is ISO international standard (IS).A
specification is almost always changed as it moves from
DIS to IS status,and MMS is no exception.Since MAP 3.0
was published, MMS has become an international standard, and there are differencesbetweenthe version of MMS
specified in MAP 3.0 and the version of MMS specifiedby
ISO IS 9506. While these differencesare not major, they
do make MAP 3.0 implementationsincompatible with ISbasedimplementations.
After the MAP 3.0 specificationwas published, General
Motors turned over the responsibility for continued work
on MAP to the MAP/TOP Users Group. The MAP/TOP
UsersGroup sponsorsan MMS technical committeeto address MMS technical questions. This committee is currently addressingthe MMS incompatibility betweenMAP
3.0 and IS 9506 and should have a solution in the near
future.
While it is necessaryto have a well-defined standardto
allow multivendor communication. a standardcannot address all of the implementation details. No matter how
carefully standardsare written, there can be differencesin
their interpretation.To addresstheseproblems,implementation agreementsare necessary.Beforepublication of the
MAP 3.0 specification,an MMS special interestgroup was
created by the Industrial Technology Institute in Ann
Arbor, Michigan. This group developed implementation
agreementsthat were used to demonstratethe feasibility
of MAP at the EnterpriseNetwork Event held in Baltimore,
Maryland in fune 1988.Many of theseimplementationagreements are also included in the MAP 3.0 specification.
Following the move of MMS from DIS to IS, MMS was
included in the U.S.National Institute of Scienceand Technology (NIST) OSI workshop. It is expected that future
versions of the MAP specification will include the implementation agreementsfrom this workshop.
MMS lnterface
MMS addressesthe content of the messagessent over
the network. It does not, however, addressthe application
program interfaceprovided by an implementation of MMS
for use by an application developer.An application program interface is the set of library calls provided by an
MMS implementation to the MMS user.Theselibrary calls
are used both to send and to receive MMS messages.The
MAP 3.0 specification includes a definition for the MMS
interface (MMSI). The definition specifies the function
calls, their parameters,and how each function call will be
used.This interfaceallows application developersto write
applications that can easily be ported to other vendor's
products that support the MMSI. This interface was developed by the MAP application programming interface
committee. Following the publication of the MAP 3.0
specification,this committeemovedto the MAP/TOP Users
Group. The HP MMS/800 product is the first MMS product
that supports this interface.
During the time that HP MMS/800 was being developed,
the committeesworking on the MMS standard,the MMSI
standard, and the implementation agreementswere very
active. Two of the members of HP's development team
participated,and continue to participate,in meetingsper-
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taining to MMS. This active involvement in these committees allowed the development team to track changes and
incorporate them into the product in a timely manner. It
also allowed Hewlett-Packard to have a voice in the decisions made by these committees and to contribute to the
success of both MMS and MAP 3.0.
Now that MMS has reached international standard status,
most of the future MMS work will involve the creation of
companion standards to work with MMS to meet the special communication needs of the various types of devices
that use MMS. Work is currently progressing on companion
standards for robots, programmable logic controllers, numerical controllers, and production management (or cell
controllers). Companion standards may also be used to
address the special needs of certain industries. The process
control industry is currently creating a companion standard
for its use. Implementation agreements will be needed for
these companion standards as they become stable enough
to implement. The MMS special interest group at the NIST
OSI workshop will create these agreements.
The Problem MMS Solves
Within the OSI networking reference model, MMS is an
application layer (layer 7) protocol. A layer 7 entity is not
an application; instead, it provides tools and programmatic
access to facilitate application development. Manufacturing software design engineers develop their own applications directly above the MMS services to solve a specific
manufacturing problem.
MMS functionality is organized into ten service sets,
each of which targets a specific set of tasks or areas of
control, such as connection establishment and maintenance, device status monitoring, uploading and downloading of data and executable images, remote execution management, and variable creation and access.
Before delving into the specifics of these and other service sets, it is helpful to develop a basic understanding of
the manufacturing environment and its layout. Fig. 1 shows
a classic layout of the manufacturing floor from the networking point of view. There are four levels of hierarchy:
plant manager, area manager, cell controller, and factoryfloor devices.
Primary plant control and information assimilation are
coordinated by the plant manager. Area managers are responsible for controlling what is to be manufactured at any
time by specifying this information and coordinating it
among the various cells on the factory floor. The cells are
linked together according to the chain of steps required to
assemble a given product. Each cell consists of a cell controller and a number of devices. These devices may be
programmable logic controllers, numerical controllers,
robots, or sensors. The cell controller directs the activities
of its devices based on its assigned responsibilities. The
area manager monitors progress as it is made and is alerted
by cell controllers of any problems that may arise. As this
information is collected, it is made available to other sites
such as the corporate offices via wide area networks or
dedicated links.
Communication between the area manager and the cell
is normally
acits jurisdiction
controllers within
complished through a file transfer protocol, such as FTAM
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(File Transfer, Access, and Management-see article, page
24).The information exchange often consists of instructions
(binary executables)and tables of data (e.g.,Car X1, 2-door,
color blue, convertible; Car X2,4-door, color brown, sedan;
etc.) that dictate what is to be manufactured and in what
order. Data tables can also consist of event logs (for diagnostic or inventory purposes) collected by the cell controllers
and showing what was indeed manufactured and the times
at which corresponding events took place. MMS also provides file transfer capability that can be used in this capacity, but it is less efficient than FTAM.
Once a cell controller has received a set of instructions,
it is responsible for carrying them out. Doing so will normally consist of establishing a connection to each device
in its cell and downloading executable and data images
over these connections. MMS remote process management
can then be used over this connection to start the executable
images. At this point, specific MMS variables can be created
and initialized at the devices for control and monitoring
purposes. The cell controller will likely establish connections with neighboring cell controllers for peer-to-peer
MMS communication. Variables, semaphores, and event
monitors associated with these peer-to-peer connections
will then be created to provide synchronization of the activities on the assembly line (e.g., as a car passes from one
cell to the next, each cell must be notified of its arrival.)
This example is one manner in which MMS can be used
to facilitate and coordinate the production process. There
are certainly many other approaches to organizing a factory
floor and incorporating MMS.
We are now ready for a more detailed explanation of the
MMS services.
MMS Services
There are ten service sets in the MMS standard, each of
which defines a number of unique MMS messages. These
services sets are as follows:
Context Management. The context management services

Fig. 1. Ihe manufacturing floor
from the networkingpoint of view.
offer the ability to administer associations or connections
and the environment in which those connections are established. This includes opening, closing, and aborting connections, as well as notifying applications of aborted connections and protocol errors as they occur. Also included
are utilities to prepare the environment before any connections can be initiated or received. These utilities spawn
any necessary processes and initialize global variables, tables, and lists.
Connections have associated with them a certain context
for communication, which is negotiated at the time of establishment. This context dictates what can be communicated on that connection and ensures that both ends understand the contents of the messages to be exchanged. For
example, a context for MMS will differ significantly from
an FTAM context because the message structures are very
different. MMS and its companion standards have their
own contexts. The context to be used is specified by the
initiator of the connection. If the responder cannot support
the specified context, it is forced to deny the connection
request.
VMD Support. VMD stands for virtuol monufocturing device. It refers to the model used and described by the MMS
documents to characterize the behavior of a manufacturing
device. A VMD can be thought of as the name MMS uses
to refer to a device under its control. The VMD support
services are used to obtain information about a device. such
as its identity (manufacturer and model number), its status,
what MMS objects it has defined (variables, semaphores,
journals, etc.), and what resources it has available.
Domain Management. A domoin is an abstract object defined within the VMD model. It represents a subset of a
VMD's resources. Domains are analogous to object files and
can be grouped together to form an executable program.
Examples of VMD resources gathered within a domain are
data files, object code, and memory. The domain management services are used to create domains by reserving a
set of VMD capabilities (or resources), associating a name
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with them, and downloading the corresponding binary
image data. Furthermore, domains can be uploaded and
stored for future use, deleted, or interrogated to determine
their attributes. Some manufacturers provide static domains with their devices; these require no downloading.
Program Invocation Management, These services are used
to define a program invocation as a collection of domains,
and then control its execution. When creating a program
invocation, a list of existing or downloaded domains is
sent to the VMD and a name is given that binds them
together. Once created, the invocation can be controlled
by issuing start, stop, resume, reset, kill, or delete commands. The domains that make up the program invocation
will usually consist of executable device code and the data
the device uses to perform its assigned task.
Variable Access. The variable access services make it possible to define remote variables and their types, and to read
and write those variables as needed. The variables may be
simple types, complex structures, or lists of other variables.
Named variables are defined by associating a name and a
previously defined type with a given memory address at
the VMD. Once defined, variables are easily accessed with
read and write messages.
Semaphore Management. The semaphore management services allow applications to create and access semaphores
for synchronization, control and coordination of shared
resources. Two types of semaphores can be managed by
MMS to provide this. Pool semophores have a one-to-one
correspondence with acquirable, logical, or physical entities at the device. By taking control of a pool semaphore,
an application locks the corresponding resource for exclusive use. Token semophores are provided for synchronization. If a given application has control of a token semaphore, subsequent requests by other applications to control
the semaphore are queued.
Operator Communication. These services provide communication with remote operator stations. Remote operator
stations are simple input/display devices that provide for
human interaction with the devices and cell controllers.
The input service is used to request entry data from a device
such as a bar code reader, keyboard, or optical sensor. A
device such as a monitor or printer may be used as an
operator station to display data from the output service.
Event Management. Event management allows a client
MMS user to define and manage events at a VMD and to
be notified when those events occur. This is accomplished
by explicitly defining event conditions and event actions.
These are then tied together through event enrollments at
the VMD. An event enrollment dictates what event action
(MMS service) is to be taken by the VMD when a given
event condition occurs. Events can be triggered normally,
as they occur, or artificially by the MMS user. Additional
MMS services are provided to obtain current status summaries of event conditions and enrollments.
fournal Management. ]ournal management offers a facility
for recording and retrieving chronologically ordered information such as events, variables corresponding to those
events, or general textual comments. These services allow
the MMS user to create, delete, initialize, read, and write
journals and obtain status information about them.
File Management. These services offer simple file transfer
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and file management capabilities. MMS services are provided to open, read, and close files. When used together,
these three services are used to transfer a file from the
remote to the local system. To transfer a file to a remote
system, the obtain-file service is used. This tells the remote
system to obtain a file from a specified file server. The
requesting system may be that file server. Files can also be
deleted or renamed, and directory listings can be obtained
through a file directory service.
All of these MMS services are either confirmed services
or unconfirmed services. Both confirmed and unconfirmed
services are initiated by an MMS user issuing a service
request. This request is sent out on the network and is
received by the peer MMS user as a service indication. For
an unconfirmed service, the service has been completed at
this point. In the case of a confirmed service, the MMS
user that received the indication must send a response back
to the requesting MMS user, as shown in Fig. 2. This response is called a confirm when it is received by the MMS
user that issued the original request. At this point the confirmed service is complete. Most of the services defined
for MMS are confirmed services.
HP MMS/800 Definition
The services provided by MMS allow a wide range of
applications. Unfortunately, it was not feasible for the MMS
team to provide all eighty-six MMS services in the HP
MMS/800 product. A narrower focus had to be developed.
ln determining this focus, the typical HP MMS/800 application was evaluated. This typical application consists of
an HP-UX computer running MMS as a cell controller in
the automotive, aerospace, and electronics industries. The
factory-floor devices in this type of application include
programmable logic controllers (PLCs), numerical controllers (NC or CNC machines), and robots.
To control these types of devices, a cell controller needs
to support the context management, VMD support, domain
management, program invocation, variable access,operator
communication, and file services. The variable access and
file services used in peer-to-peer communication are also
included. The peer in this case may be another cell controlIer or an area manager.
The remaining services-semaphores, journals, and
events--are mainly used in the process control industry.
MMS/800 is not designed for this type of application at
this time.
HP MMS/800 Services
Careful consideration was given to the set of services to
be implemented. This set had to be large enough to provide
the functionality needed for a cell controller, but small
enough to allow the services to be implemented and tested
in time to meet the HP-UX 7.0 operating system release

Fig.2. MMS services are either confirmed or unconfirmed
The responseshown is omitted for unconfirmed services.

schedule.
The major source of information used in choosing the
set of functionality to implement was the MAP 3.0 specification. The specification defines sevenclassesof devices
for which MMS will be used. The classesare:
r MAP1. Used for NC machines
I MAP2. Used for PLCs (simple)
r MAP3. Used for PLCs (complex)
! MAP4. Used for robots
I MAPS. Used for processcontrol applications (simple)
I MAP6. Usedfor processcontrol applications(medium)
I MAP7. Usedfor processcontrol applications(complex).
A product consideredMAP 3.0-conformantmust implement all servicesdefined in at least one of these classes.
The set of serviceschosenfor the first releaseof HP's MMS
satisfiesclassesMAP1, MAP2, and MAP3. In addition, over
86% of the servicesin MAP4 are included in the first release.The box on page38 lists the servicesprovided in the
first release.
HP MMS lmplementation Model
As explained in the article on page 11 describing the
upper layer architecture,the HP MAP 3.0 product is based
on a two-processmodel. The two processesare the user
processand the service provider process.
In the MMS version of the model (Fig.3), the application
program interface is the standard MMS interface (MMSI)
introduced earlier in this article. The application entity
coordinator is known as the high-level service provider
and the application serviceelementis known as the MMS
protocol machine. Each of these MMS elements is described in more detail below.
The MMS User Process
The purpose of the MMSI is to allow the application
program to exchangeMMS messageswith devices or peer
applications. Therefore,much of the MMSI code simply

User
Process

Service
Provider
Process

HP OSI
Express Card

Fig. 3. fhe HP MMSIB)Oimplementationof the HP MAP 3.0
two-process model.

takes input from the user in the form of parameters and
input buffers and validatesit. This data is then sent to the
serviceprovider processthrough the messagingsocket.The
serviceprovider processexpectsthe data in a format compatible with its data structures,which are derived from the
Abstract Syntax Notation One (ASN.1) standard.l The
MMSI performsthe translationfrom MMSI standardstructuresto the serviceprovider process'sASN.1-derivedstructures. The interface is also responsiblefor translating inbound datafrom the serviceprovider processinto the user's
MMSI data structures.
The following algorithm describes the processing for
most of the MMS requestand responsefunctions.
andthe inoutdata
1. Validate
thestatusof theconnection
2. Translatethe datafromMMSIformatto serviceproviderprocess
ASN.1-derivedstructures
message
formatto besenttotheservice
3. Placethedatain a standard
providerprocess
4. Addtheeventto eventmanagement
to theserviceproviderprocess
5. Sendthemessage
6. lf theeventis synchronous
1

wait lor a reply
copy the data to the user's outputbuffer
7. Returncontrolto the user.
After control returns to the user for async[rronous events,
the user can call the event management wait function. This
function waits for the next completed event. At this time
the interface copies the data for the completed event into
the user's output buffer.
To receive indications (requests from the remote device),
the application must explicitly ask for them. This is accomplished via the indication receive request lReceive.The
lReceivefunction sends a message to the local service provider process indicating that the user is willing to receive
one indication. It is the responsibility of the service provider process to pair the lReceiverequests with indications
received from the network. The service provider process
will queue any indications it has received for which the
user process has not issued an lReceive.The service provider
process will also queue lReceiverequests for which indications have not yet been received. When the service provider
process is able to pair an indication and an lBeceiverequest,
the indication is passed to the user process. The indication
is then placed in the user's lReceiveoutput buffer where it
can be processed by the application program.
The scenarios above for requests, responses, indications,
and confirms describe the general processing that takes
place for most of the VMD support, domain management,
program invocation, operator communication, and file services. However, the context management and variable access services require the interface to perform additional
work and store complex information.
The context management services require the interface
to keep track of local VMDs, application entities, and connections. Local VMDs are used when the application process wants to act as a server for the variabie access services.
To be a server, the local side must be viewed as a VMD by
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the remote client. Theselocal VMDs are createdby executing a function call indicating which application entities
will belong to the VMD. An application entity is the part
of an application that usesnetworking services.In an ISO
environment,theseapplication entitieshaveaddressesthat
the interface is required to store to facilitate the communication with the remote devices.In our implementation, an
application entity correspondsto a service provider process.
The interface keeps track of the VMDs, application entities, and all connectionsto perform validity checking on
operations requested by the user. The information for each
VMD, application entity, or connection is storedin a separate data structure that is placed in the interface's VMD
table. A simplified version of the VMD table is shown in
Fig. 4. Hash functions are used to provide quick accessto
particular entries in the VMD table and doubly linked lists
allow easy additions and deletions.
The VMD table also provides a means for storing MMS
objectsdefinedby the user.In our current implementation,
variable and type objectsare the only user-definableMMS
objectssupported.TheseMMS objectshave an associated
scope that dictates a range over which they can be used.
For example,a connection-specificvariablecanbe accessed
only on the connection for which it was defined, whereas
a variable with a VMD-specific scope can be accessedon
any connectionto the VMD. Sincewe supportboth connection and VMD-specific variable access,the objectsfor variables and types are stored under the structure corresponding to the particular connection or VMD.
Variable Access
The variableaccessservicesare one of the most powerful
and complicated portions of MMS. The purpose of these
servicesis to allow the user to read and write variableson
the remote device. However, this is much more than a
simple interprocesscommunication mechanism.Once the
user has performed the necessarysetup, the interface can
accessthe user's program variables directly to place data
received from the remote device or retrieve the data to be
sent to the remote device.
To achieve this level of variable access,the interface
must know all about the local variable.The interfacemust
know the type of the variable, which is either simple, an
array, or a structure. The interface must also know the
address of the program variable, its name, and how the
variable should look on the network. The MMSI provides
functions that allow the user to provide this information
to the interfacedynamically.Oncethe information hasbeen
supplied, a function call is used to define the variable to

the interface.This results in a variable accessobject structure being added to the VMD table in Fig. 4. The variable
accessobjectis placed under the VMD or connectionstructure defined by the scope of the object.
One final piece of information needed by the interface
is knowledgeof the C compiler packingrules.This information has been built into the interface.The packing rules,
along with the type of the variable and its startingaddress,
allow the interface to access the C program variable directly.
Once the user has defined the local program variable to
the interface, reads and writes can be performed. For a
read, the interface retrieves the data from the remote device
and placesit directly into the application program'sC variable. On a write, the interface takes the data directly from
the application program's C variable and sends it to the
remote device. The local C variables in the application
program can then be used in normal computations.
The MMS Service Provider Process
The MMS serviceprovider processcontainstwo modules
that are specificto MMS. The first is the high-level service
provider and the second is the MMS protocol machine.
The rest of the modules that make up the MMS service
provider process are the same service provider process
modules used by the other HP MAP 3.0 components.The
service provider processis spawned by the user process
as the result of the MMS user issuing an application entity
activation function call. The serviceprovider processprovides the communication pathway between the user processand the HP OSI Expresscard2and the network. This
call must be made before any connectionsto the remote
device can be set up. Once a serviceprovider processhas
been activated,the MMS user can set up connectionsand
issue and receive MMS messagesover those connections.
The highJevel service provider has two primary functions. The first is to manageall communication between
the service provider processand the user process.This is
accomplished with function calls to the service provider
processmessagingmodule. One managementfunction is
to pack messages
being sent to the user processinto a form
that the user processcan interpret and to unpack messages
being receivedfrom the user process.The routines to pack
and unpack MMS messagesare discussedlater in this article.
The second function of the highJevel service provider
is to processall incoming indications that are responded
to automatically by this product. When the high-level service provider receivesan incoming indication it checksto
see if it is for an autoresponseservice.If it is not an auto-
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Fig.4. Data structure for context
management.

response service, the indication is sent to the user process
to be processed by the MMS user. If it is an autoresponse
function, the high-level service provider performs the related operation, creates the response, and sends it out on
the network without notifying the MMS user. Eight autoresponse services are supported in the HP MMS/800 product. These include the identify service and all seven of the
file services.
The primary function of the MMS protocol machine is
to enforce the MMS protocol as it is defined in ISO DIS
9506. This entails validating the values of MMS message
parameters and verifying that the state diagrams defined
by the MMS specification are not violated. In the event
that a protocol violation is discovered on an outbound
MMS message, an error is returned to the local MMS user.
If a protocol violation is discovered on an inbound MMS
message, an MMS reject message is sent back to the remote
device. In the case of a rejected inbound message,the local
MMS user is also notified of a rejected inbound message
with an MMS reject indication.
Both the high-level service provider and the MMS protocol machine must maintain information about connections and confirmed services. A common data structure is
used to store all of this information. Fig. 5 illustrates the
basic design of this data structure. When either a connect
request or a connect indication is processed by the service
provider process, a connection entry is added to the hash
table with its state indicating that the connection is in
progress. When a corresponding positive connect response
or confirm is processed, the state of the connection entry
is updated to show that the connection is valid. If the
corresponding response or confirm is negative, the connection attempt failed, and the corresponding connection entry
is removed. A similar process occurs when the connection
is concluded.
When a confirmed service request or indication is processed by the service provider process, a request entry is
added to the request entry list for the corresponding connection entry. When the response or confirm is processed,
the request entry is removed.
Doubly linked lists are used for both the connection entries and the request entries. A common set of data structure
manipulation routines is used to manage these lists. This
includes initializing the data structures, adding new elements to the list, retrieving the next element on the list,

CE = ConnectionEntry
RE = RequestEntry
Fig.5. Data structure for informationabout connections and
confirmed servlces in the setvice orovider orocess.

and removing elements from the list. These routines are
designed to manipulate general doubly linked lists and are
used to manage data structures within the service provider
process and the user process. Because they were written
and tested early in the project, very few errors were discovered in these data structures during product testing.
ASN.1 Compiler
Many of the modules in the HP MAP 3.0 product rely
on the ASN.1 standard. For all of these modules, including
HP MMS/800, the ASN.1 compiler described in the article
on page 11 was used to generate encoding and decoding
routines and data structures. While the purpose of the encoding and decoding routines is to translate MMS messages
between the ASN.1-derived data structures and the bit patterns sent and received on the network, the MMS product
uses them for an additional purpose: to validate certain
MMS protocol requirements.
During connection establishment, the nesting level for
variables and the parameter conformance trr:ilding blockare among several parameters negotiated for the connection. The value of the nesting level determines the extent
to which structures can exist within other structures for
variables defined for the connection. The value of the parameter conformance building block describes which fields
within specific MMS messageswill be valid for the connection. If the negotiated nesting level is exceeded or if an
invalid field is present as determined by the parameter
conformance building block, a protocol error occurs. To
determine if either of these situations exists. the entire
MMS message must be parsed and information must be
gathered regarding both of these values. Since the encoding
and decoding routines already parse MMS messages,additional code was simply inserted into these routines to collect this information and validate that neither the nesting
level nor the parameter conformance building block is violated. Since the creation of the encoding and decoding
routines by the ASN.1 compiler is an automated process,
the insertion of this additional code was also automated.
Use of the encoding and decoding routine saves an additional parse iteration of each MMS message and allows
faster processing of each MMS message.

Automatic Generation of Pack and Unpack Routines
The ASN.1-deriveddata structuresare used throughout
the serviceprovider processand to sendthe MMS messages
to and from the user process.In the user processthe MMS
messagesare translated between the ASN.1-derived data
structuresand those used by the MMSI. Since the ASN.1derived data structuresare automatically generatedby the
ASN.1 compiler, thereis a patternto their design,including
the naming conventionused for fields within the structures
and their corresponding types. The MMS development
team took advantageof this to generatethe code to pack
these data structures into a buffer when sending them
acrossthe channel linking the serviceprovider processand
the user process.After determining the nature of the data
structure patterns, routines were written to process the
header file generatedby the ASN.1 compiler and locate
eachpointer field within everystructure.Eachpointer field
representsa new structurewithin an MMS messagewhich
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HP MMSiBOOServices
In the client-server
model used by MMS,a cell controlleris
consideredto be the client,while the lactoryJloordevice is the
server.For peer-to-peer
communication,
the cell controller
must
be able to act as the serveras well as the client.For each of the
serviceslistedbelow,C or B is used to indicatewhetherthe HP
MMS/800implementation
handlesthe client side or both the
clientside and the serverside.An A indicatesthat the service
providerprocess(SPP)respondsautomatically
in theserverrole.
Whenthe SPPautomatically
responds,the applicationprogram
neitherreceivesthe indicationnor sendsa resoonse.
r ContextManagement.
D Initiate(B). Open a connection.
tr Conclude(B). Gracefullyclosea connection.
u Cancel(B).Cancela previouslyissuedservicerequest.
D Abort (B).Abruptlyclose a connection.
tr Reject(B). Refusean MMS messagethat violatesthe MMS
orotocol.
r VMD (VirtualManufacturingDevice)Support
n Status(C).RequestaVMD to provideitsstatusinformation.
tr UnsolicitedStatus(C). Receivedan unsolicitedstatusindicationfrom a VMD.
! Get Name List(C). Retrievea listol namedobjectsfromthe
VMD,
n Get CapabilityList (C). Retrievea list of the capabilities
of
theVMD.
tr ldentify (BA). Get basic informationabout the remote
device(e.9.,vendorname,modelnumber,versionnumber).
r DomainManagement
tr InitiateDownloadSequence(C). Instructthe VMD to start
downloadinga domainfrom the cell controller.
c DownloadSegment(C) Send a segment(piece)of the
domainto the VMD.
o TerminateDownloadSequence(C). Terminatethe download,usuallybecausethe downloadis finished.
InitiateUploadSequence(C). Instructthe VMD to prepare
for uploadinga domainto the cell controller.
UploadSegment(C). Instructthe VMD to uploadthe next
segmentof the domain.
TerminateUpload Sequence(C). Terminatethe upload,
usuallybecausethe uploadis finished.
RequestDomainDownload(C).The VMD requeststhe cell
controllerto initiatea download.

requires packing into the buffer. Once these fields were
detected, it was easy to derive their pointer types from
their names, and, together with some structural information
for each data type, generate the packing code.
A two-step process was employed. First, the ASN.1-generated header file was parsed to generate lists containing
the information required for packing. The elements on
these lists indicated the opening and closing of substructures and unions, union tags,and pointers. Second, a recursive set of routines was written to interrogate these lists
and generate the corresponding packing code for each data
structure.
With minor modifications, the two-step process was repeated to generate the unpacking code as well. Over ten
thousand lines of code were automatically generated using
this process, saving an enormous amount of tedious coding
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o RequestDomainUpload (C). The VMD requeststhe cell
controllerto initiatean uoload.
E DeleteDomain(C). Deletea domainfrom the VMD.
o Get Domain Attributes (C). Retrieve the attributes of a
domainfrom the VMD
ProgramInvocation
E Create ProgramInvocation(C). Link one or more domains
on the VMD intoone executableprogram.
D Delete Program Invocation(C). Delete a program on the
VMD,
n Start(C). Starta programon the VMD.
a Stop (C). Stop (suspend)a programon the VMD
tr Resume(C). Resumea stoppedprogramon the VMD.
trr Reset(C). Reseta stopped programon the VMD.
E Get ProgramInvocationAttributes(C). Retrieveinformation
abouta programon the VMD.
VariableAccess
n Read(B). Retrievethe valueol one or morevariablesfrom
the remotedevice.Thesecan be simplevariables,arrays,
structures,
etc.
c Write(B).Wrrtenewvaluesto the remotedevice'svariables.
tr Information Report (B). Send the values of the local
machine'svariablesto the remotedevice withoutbeinq
askedfor them.
D Get VariableAccess Attribute(B), Betrievethe attributes
(typeinformation,
etc.)of one or more remotevariables.
OoeratorCommunication
a Input (C). Retrievedata stringsfrom the remotedevice's
console.
tr Output(C). Send data stringsto the remotedevice'sconsole.
Fileservices
a ObtainFile(BA).Ask the remotedeviceto get a file (MMS
does notallowwritingof files,so the remotedeviceis asked
to read the file).
n FileOpen (BA).Open a file on the remotedevice.
o FileRead (BA).Read part of a file on the remotedevice.
n FileClose(BA).Closea file on the remotedevice.
D FileRename(BA).Renamea file on the remotedevice.
tr FileDelete(BA).Deletea file on the remotedevice.
n FileDirectory(BA).Get a directorylistingfrom the remote
devrce.

and debugging time.
MMS Interoperability
As discussed earlier in this article, the reason for the
development of the Manufacturing Message Specification
was to provide a mechanism for multivendor communication on the factory floor. To provide this multivendor communication, the HP MMS/800 product must be able to communicate with MMS products from other vendors. HP is
actively conducting interoperability testing with the MMS
products of other vendors to ensure this communication.
At the present time, interoperability has been demonstrated
with a wide range of products from several other manufacturers. As new MMS products appear on the market, HP
will continue this testing to provide MMS users a wide
range of devices to be used with the HP MMS/800 product.

Conclusion
Robinson for helping in the automatic generationof the
factory-floor serviceprovider processpack and unpack routines.Thanks
Until the adventof MMS, interconnecting
deviceswas a costly and complicatedprocess.Each device
and computer vendor had proprietary protocols that required specializedcommunication hardwareand software
to connect devices.
MMS and MAP 3.0 solve this problem by providing one
common communication standardfor all factory-floor devices. MMS provides the necessaryfunctionality for controlling thesedevices.This allows engineersin the factory
to choose the best vendor and device for a task without
having to worry about the cost of specializedcommunication hardware and softwareto connect this new device.
In addition to providing factory-floor communication
with MMS, MAP 3.0 has defined a standardMMS interface
(MMSI). This standardinterfacereducesprogrammertraining costsand allows applicationsto be ported easily from
one vendor'scomputerto another.This providesthe ability
to create flexible applications and reduce development
costs.
The HP MMS/800 product provides the application programmer with MAP 3.0 MMS functionality through the
standard MMS interface. All the necessaryfunctionality
for controlling factory-floordevicesand peer-to-peercommunication with other cell controllers has been included
in this product.
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HP-UXKernelGommunicationsModules
for a Gard-Based
OSIProtocolStack
HP MAP3.0 productsare basedon the HP OSIExpress
mostoftheOSIprotocolstackon
card,whichimplements
an llO card. Thekernelmodulesprovidereliabledata
transferbetweenthe hostcomputerandtheHPOS/Express
card.
by Eric C. Scoredos,KimberlyK. Scoft,and RichardH. Van Gaasbeck
HE OVERALL DESIGNof the HP MAP 3.0 product
is based on the HP OSI Expresscard.1The HP OSI
Expresscard provides an implementationof the OSI
protocol stack on an I/O card for HP 9000 Series800 computers. The card off-loads much of the network overhead
from the host, leaving CPU bandwidth available for processinguser applications and MAP services.
To provide the reliable transfer of user data between the
host computer and the HP OSI Express card over the HP
PrecisionBus (HP-PB)backplane,three host-residentmodules that run in the HP-UX kernel were developed for the
HP MAP 3.0product.Thesekernelmodulesprovidean interface that allows usersto make or break connections[communication paths) between different hosts on the IEEE
802.4 network and to send and receive data on these connections. Up to 100 separatefull-duplex connectionscan
be establishedbetween a given host and any other hosts
on the network. The kernel modules and portions of the
HP OSI Expresscard are shown in Fig. 1. The three kernel
modules are:
r The upper layer interprocesscommunication module
(ULIPC)
r The CONE (common OSI networking environment)2interfaceadapter (CIA)
r The HP OSI Expresscard driver.
ULIPC Module. This module provides an interface that
allows higher-levelnetwork servicessuch as FTAM, MMS,
and X.500 to createor terminate a networking connection,
send or receive data, or perform control functions. ULPC
verifies the caller's parametersand transfersthe data between user memory and kernel memory. ULPC then invokesthe CONEinterfaceadapterto carry out the requested
operation.
CONEInterface Adapter (CIA). This module is responsible
for the communication between the host and the HP OSI
Expresscard.It createsand maintainsconnectionsbetween
itself and its peer on the card, the backplanemessageinterface (BMI).'zThese two modules pass messagesback and
forth regardingthe creation or termination of connections
and the availability of data to be transferredinbound or
outbound. User datais also exchangedbetweenthesemodules as part of these messages.
OSI ExpressCard Driver. This module and its peer on the
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HP OSI Expresscard, the backplanehandler,3are responsible for transferringdata acrossthe HP-PBbackplane.For
outbound data transfers. the driver forms the data buffers
passedto it into a chain of buffers suitable for DMA, and
transfers these buffers via DMA to the card. For inbound
transfers, the driver forms empty buffers into a DMA chain
and usesDMA to transfer data from the card into the buffers.
In addition to its networking interface, the driver also has
an interface that handles the downloading of the executable
code for the OSI protocols and diagnostic operations on
the HP OSI Expresscard.

IEEE802.4Network
Fig. 'f . HP MAP 3.0 software block diagram showing the
HP-UX kernel modules and their peer HP OS/ Express card
modules.

HP-UX Networking lmplementation Model
The MAP kernel modules are designedto conform with
the structure and function of the existingHP-UX 7.0 kernel
networking subsystem.Fig. 2 shows a block diagramof the
HP-UX kernel networking model. This implementation is
basedon Berkeley4.2 BSD4with extensionsadded to support proprietaryHP networking interfacessuch asNetIPC.5
As shown in Fig. 2, HP-UX userapplicationsmake either
NetIPC, Berkeley IPC, or ULIPC networking system calls.
Within the kernel,the IPCsystemcalls areinitially handled
by code specific to the type of call. This code processes
the user requestand then makes calls to the socket layer
to carry out the requestedfunction.
A socket can be thought of as a communications endpoint. The socketlayer provides a set of standardroutines
for manipulating the kernel data structuresthat represent
a particular socket, as well as routines for sending and
receiving data on that socket and performing other operations. To accomplish some of its tasks, the socket layer
invokes the servicesof specific networking protocol modules through a protocol switch table. This table maps
generic calls into protocol-specificroutines. The protocol
to be used for various networking services is generally
fixed. In Fig. 2 the protocol switch tableis usedfor handling
NetIPC,BerkeleyIPC,and ULIPC systemcalls. NetIPCand
BerkeleyIPC calls typically use the TCP/P (Transmission
Control Protocol/lnternetProtocol)protocols, whereasthe
ULPC calls use the CIA, which has the sameentry points
as the standard protocol modules. For example, a send
requestmadeby the socketlayerto accomplisha datatransfer on behalf of Berkeley IPC invokes the TCP/IP send
routine, and a send request made by the socket layer on
behalf of ULIPC invokes the CIA's send routine.
Although TCP/IP and CIA occupy similar positions in
the HP-UX networking architecture,and are accessedin

much the samefashion, their relative roles in accomplishing user data transfer in their respectivesystemsare quite
different. TCP and IP are traditional networking protocol
modules that perform standardtransportand internet layer
functions such asflow control. enor-freetransmission,and
routing. Once user data passesthrough these modules, it
is ready for transmissionby a LAN card. By contrast,the
CIA's role is mainly to act as a conduit for data to and from
the OSI Express card, where the transport and internet
protocol modules reside.The host and card must, in effect,
implement their own private protocol to set up host-card
paths and to exchangedata before that data can be transmitted between different hosts on the network. Some aspects of this protocol are discussedlater in this article.

Upper Layer Interprocess
Communication Implementation
The ULIPC provides a system-callinterfacethat is used
by higher-levelhost software(mainly network servicemodules) to accomplish data transfers. This interface bears
some similarity to HP's NetIPC,with extensionsadded so
that additional OSI requirementssuch as long OSI addresses and user data with connect or disconnectrequestscan
be handled. The ULIPC interface is not exposedto users
and is accessibleonly by the higher-level software in the
HP MAP 3.0 implementation. Table I summarizes the
ULPC calls and their functions.
Many of the ULIPC calls provide an option parameter
that contains different things depending on the call being
made. For example, OSI addressesare passedto the HP
OSI Expresscard using the option parameterin the ulcreate0
call. There are also special routines for creating and manipulating the parameter'scontent.Other usesof the option
parameterinclude:

Socket Layer

Host-Card Path

Fig. 2. HP-UX kernel networking
model.
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r Setting send and receive socket buffer sizes (i.e., the
amount of data that can be buffered at the socket)
r Setting send and receive thresholds (i.e.,the amount of
data or space that must be available in a socket before
the socket is designated as readable or writable)
r Setting time-out values for synchronous operation (i.e.,
the amount of time to wait in ulrecv$for data to be read)
r Sending data with a connection request.
OSI Addresses and Gonnections
There are two conceptsthat are important in understanding the implementation of ULIPC connections: the representation of an OSI addressand the process of establishing a connection in a connection-oriented system. An OSI
addressis used to identify a given host and application in
a network.z Fig. 3 shows a schematic representation of an
OSI address.As shown, an OSI addressconsistsof multiple
subaddresses(selectorsin OSI terminology) and each subaddress corresponds to a different OSI protocol layer. The
OSI address is supplied to ULIPC calls through the option
parameter described earlier. One of the special option parameter routines is used to insert the OSI address into the
option parameter before making the call.
Table I
Upper Layer IPC Calls and Their Functions
ULIPCCaII
ulcreate
ulconnect
ulcontrol
uldest
ulrecv
utrecvcn
ulselect
ulsend
ulshutdown

Function
Createa call socket (communication
endpoint)
Initiate connection establishment
Perform various special functions on a
socketor connection
Createa destinationOSI address
descriptor
Receivedata on a connection or OSI
connect request
Receivethe connection indication for a
call socket
Determine the statusof a socket
Send data on a connection
Terminate a connection

OSI applications establish connections with each other
by exchanging protocol data units (PDUs) for their layers
in a specific sequence.A PDU can be thought of as a message that contains control information and possibly user
data for a specific layer. Ignoring implementation details,
the basic sequenceof events for creating a connection is:
r The application initiates a connection by sending a connect request PDU to the remote application with which
it wishes to make a connection.
r The PDU arrives at the remote host and generatesa connect indication event, which is processedby the remote
application.
r If the remote application wishes to accept the connection, it respondsby sendinga positive connectresponse
PDU to the initiating application.
r The PDU arrives at the initiating host and generatesa
connect confirm event, which is processedby the initiat-

42 HEWLETT-pAoKARD
1990
JoUBNALAUGUST

ing application. The OSI connection is now established
between the two applications.

ULIPC Connections
For HP MAP 3.0 an OSI connection between two applications using ULIPC relies on the use of sockets.GSockets
are a widely used mechanism in networking interfaces for
establishing connections. The ULIPC interface uses three
types of sockets: call sockets, virtual circuit sockets, and
destination sockets.Call and virtual circuit sockets are the
most commonly used socket types. Call sockets are used
to establish the addressesof applications, whereas virtual
circuit socketsare used to referenceindividual connection
endpoints. Destination socketsare used in special instances
to hold address information for remote applications.
The process for establishing an OSI connection using
ULIPC is illustrated in Fig. 4. This figure shows two OSI
applications, A and B, which might be located on different
hosts on the network. While it is possible for HP MAP 3.0
nodes to communicate with MAP nodes from other vendors, for purposes of this example, both A and B are assumed to reside on HP MAP nodes. We will also assume
that application A wants to establish a connection with
application B.
For application A to be able to connect with application
B, both applications must createcall socketsusing ulcreateQ.
This is accomplished by both applications inserting their
OSI addressesinto the option parametersand then calling
ulcreatefl
on their respective systems.The ulcreate$
call registers the address of the OSI application on the HP OSI Express card, createsan associatedcall socket, stores the address in this socket, and returns a descriptor to the caller.
The descriptor is an integer value used for subsequentreferences to the socket. With the address registered on the
card, remote applications can now attempt to make connections to the registered application. Fig. 4a shows the action
of the ulcreateQ
calls by both A and B.
The next step is for application A to set up the structure
for initiating a connectionwith application B (seeFig. b).
To accomplishthis, application A usesapplication B's application entity title, or the name of application B, to determine B's OSI address.Application A can determine the
OSI addressof B byaccessingadirectoryusingthe directory
servicesof X.500. X.500 in HP MAP 3.0 is described on
page 15. Once application A has B's OSI address,it calls
the function uldestfl.Uldestflcreatesa new destination socket
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structure to hold the address information it is passed, and
returns a destination descriptor that references this socket.
This descriptor is used when making subsequent ULPC
calls that need to refer to application B.
Now application A initiates the connection to application B (see Fig. cl. First, A inserts any control information
and user data to be sent with the connect request PDU into
the option parameter. This includes information that the
host-resident protocol layers, including the application,
need to exchange to establish a connection. Next A calls
ulconnectfl,supplying A's call socket descriptor and B's destination descriptor, along with the option parameter. UlconnectQcreates a virtual circuit socket (A1) for the connection,
and then returns to its caller a descriptor for this socket.
The host-control information and the user data travel
through the card-resident protocol layers, with each layer
adding its own control information to form a connect request PDU, which is sent to the destination.
Having initiated the connect request, A now calls ulrecv$
to await a connect confirmation event indicating that B has
accepted the connection. (Asynchronous modes of operation that don't require waiting are also possible).
When the connect request PDU sent by A arrives at B's
host. a connect indication event occurs. The control information for the lower-layer protocols is removed from the
PDU by the card, leaving the host control information and
the user data sent by A. This data is passed to the host,
where it is attached to an unreferenced virtual circuit socket
(B1) that the CONE interface adapter (CIA) creates for the
connection, pending its final acceptance. The virtual circuit sockets in Fig. 4c are labeled with number suffixes
(B1 and A1) to signify that the connections these sockets
represent could be the first of many connections to be
created between the two applications.
To determine if an incoming connection indication event
exists at its call socket, B calls ulselectQ,which is used to
detect the presence of connect indication events at call
sockets or data on virtual circuit sockets. If ulselectQindicates the presence of a connect indication at B's call socket,
B then calls ulrecvcnQ.UlrecvcnQcompletes the creation of
the virtual circuit socket for the connection on B's host
and returns a descriptor for the socket to application B (see
Fig. +d). Note that the host control information and user
data have not yet been received by application B. At this
point a fledgling connection has been established between
A and B (enough so that OSI PDUs can be exchanged between the two applicationsl. However, the full OSI connection is not yet completed until the required PDUs are exchanged between A and B.
For the OSI connection to be completed, B must first do
an explicit ulrecvQcall to receive the control information
and data that were sent by A's ulconnectQ
call. Any.user data
sent with the connect request is also received in this call.
Fig. 4e shows B receiving these items using ulrecvQ.
Application B can now determine if it wishes to accept
the connection. If B accepts the connection, it sends a positive connect response PDU back to A using ulsendQin the
same manner described previously with ulconnect0.When
B's positive connect response PDU arrives at A, it causes
a connect confirmation event. This event causes application A's ulrecvQcall to complete, and the host-control infor-
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mation and user data sent by B are passedto application
A. The OSI connection is now fully established.
This example shows that the kernel modules have little
OSl-specificknowledge.They are used primarily to establish lower-level paths between the host and the HP OSI
Expresscard over which PDUscan flow to remoteapplications. They provide mechanismsfor sendingand receiving
PDUs, but do not themselveshave any knowledge of the
PDU content being sent or received.The exchangeof PDUs
to establish a connection is orchestratedby higher-level
software,in this casethe applications in conjunction with
the upper-layer network services.
If this example is changedto assumethat application B
is running on a non-HP MAP node, nothing is changed
from the standpoint of application A, which will still issrre
ULIPC calls in the sequenceshown in the example to initiate a connectionwith B. On the B node, the implementation details of how B handles connect indication events
and sends connect responsePDUs would be vendor-specific and differ from the example,but the resulting flow of
PDUs between the two systemswould be the same. The
kernel communication modules, along with the HP OSI
Expresscard facilities, allow standardOSI communication
between interoperable systems from any vendor.
Once an OSI connection has been establishedbetween
applications, users can send and receive data on the connection using ulsendQ
and ulrecv0.
The ULIPC interfacesupports the use of vectoredI/O, which letsuserspassmessages
in both directionsas an array of pointersto bufferscontaining parts of the message.This savesusers from having to
do extra data copies to send OSI messages.
A special ULPC call, ulcontrolQ,
is used for performing
specialfunctions on a socketor a connection.For example,
it can be used to set individual socket parameterssuch as
buffer sizes,thresholds,and time-outs.

CONE Interface Adapter
The CONE interface adapter, or CIA, is responsiblefor
establishinga communication path for a network connection between the host and the HP OSI Expresscard, and
for sending and receiving user data on this path (seeFig.
1). This host-cardpath must exist to createa full OSI connection between applications. However, it differs from a
full OSI connectionin that this host-cardpath existsbefore
the OSI connection is fully establishedand continues to
exist until after the OSI connection is terminated. (For the
rest of this sectionwe will ignore this distinction and simply use the term connection to refer to both the host-card
path and the complete OSI connection.)
Upper Interface
As we have already seen,the CIA provides an interface
that is similar to the interfaceprovided by networking protocol modules such as TCP/IPin HP-UX (seeFig. 2). Interface users such as the socket layer make requeststo the
CIA on behalf of ULIPC system calls by calling the CIA's
upper interface entry point with several parameters.One
parameteris the requestcode that tells the CIA what operation to perform, such as PRU-SEND,
which tells the CIA
to send data on a certain connection, and pRU_ABORT,

which tells the CIA to close the host-card connection. Other
parameters are a chain of buffers containing the user's data
and a pointer to the connection's associated socket data
structure.
CIA-to-BMl Message Communication
The CIA and its HP OSI Express card counterpart, the
backplane message interface (BMI), work together to estabIish communication paths across the host-card boundary.
Since these two modules execute in separate environments
and cannot communicate via procedure calls or shared data
structures, a messaging scheme was designed for communication between them. Example messages that the CIA can
send to the BMI and the information they convey include:
r create.Tells the BMI to expect data on a specified connection in the future.
r Add-SAPS.Registers a call socket so that the BMI will
send a connect indication for a certain OSI address to
the associated call socket.
r Send. Sends user data to the BMI.
I Destroy.Tells the BMI to break a specified connection.
The BMI can also send messages to the CIA if the card
needs to initiate activity in the host, as in the case of an
incoming connect indication being received.
Many of the messages that can be exchanged between
the CIA and the BMI direct the modules to perform operations that take time to perform. Therefore, most messages
have corresponding handshakes that the message sender
must wait for before assuming the operation has been performed. This handshaking keeps the operation of the CIA
and the BMI in synchronization on both sides of the backplane. The CIA maintains state variables internally to ensure that messages are sent only when appropriate.

RegisterSets
TheCIAusesspecificregistersetson theHPOSIExpress
card for setting up connections and transferring messages
or data on connections. A register set is a collection of 16
3Z-bit registers that can be read from or written to by the
host to start a DMA transaction between the host and the
card.3 The host can address several hundred separate register sets independently and start DMA transactions on each
concurrently. Therefore, a register set can be thought of as
either a host-to-card (outbound) or card-to-host (inbound)
path depending on how it is being used. The allocation of
register sets for various host-card functions is given below.
RegisterSet Number

0
I

2,3
4,5
6-1.7
18,19
20,21.
22'2,3

276.21,7

Function

Downloadingand Diagnostics
TransparentIndication RegisterSet
ManagementRegisterSets
ExpeditedDataRegisterSets
Reserved
PathRegisterSetPair #1
PathRegisterSetPair #2
PathRegisterSetPair #3

PathRegisterSetPair #100

Register Set 0. This register set is used for downloading
the HP OSI Express card software and for sending and
receiving diagnostic messages and data to or from the card.
It is not used for normal networking operations.
Register Set 1. This register set is used to read transparent
indications sent from the card to the host. A transparent
indication is used to help provide card-to-host (inbound)
flow control.
Register Sets 2 and 3. These are management register sets
used by the CIA and the BMI to send messages to each
other about connections that are not yet established. The
even-numbered register set in this and other register set
pairs is always used for host-to-card message transfers, and
the odd-numbered register set is used for card-to-host transfers. When the CIA and the BMI want to set up a host-card
path for a networking connection, they first exchange messages on the management register sets.
Register Sets 4 and 5. These register sets are used to send
and receive expedited data between the host and the card.
Expedited data is a type of data defined in the OSI protocols
whose transmission sometimes takes priority over normal
data.
Transparent indications and expedited data are described in more detail later in this article.
The remaining register set pairs are used for host-card
paths across which user data flows. Each path register set
pair supports one full-duplex network connection. There
are 100 such pairs and therefore 100 connections are
suppported. The path register set pairs are allocated to
connections as connections are established. The fact that
each connection maps one-to-one with a register set pair
means that connections can be handled independently and
one connection cannot block another.
Sending and Receiving Messages and Data
The CIA sends and receives messages (some of which
contain user data) across various register sets to and from
the BMI using the OSI Express driver. The register set used
depends on the situation and the type of message being
sent. To start a host-card path for a network connection,
the CIA and the BMI exchange createmessages and handshakes on the management register sets. These messages
instruct both sides as to which path register set pair to use
for the connection. When user data is to pass between the
card and the host, the CIA and the BMI exchange send
messages (which contain user data) between them on the
appropriate path register sets. Finally, when a host-card
path is to be deallocated because the network connection
is being terminated, the CIA and the BMI exchange destroy
messages and handshakes on the management register sets
to effect the deallocation of the appropriate path register
sets and to clean up connection resources in the host and
the card.

OSI ExpressCard Driver
The OSI Express card driver transfers messages and user
data to and from the HP OSI Express card across the HP-PB
backplane. In addition, the driver can be used to exchange
diagnostic information with the card. The driver uses direct
memory access (DMA) transfers to move data between the
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host and the card. A detailed discussion of DMA transfers
between the host and the HP OSI Express card is given in
reference3.
To transfer data using DMA, the driver forms the data
into a DMA chain. A sample DMA chain is shown in Fig.
5. A basic DMA chain is made up of a linked list of quads
(four 32-bit values) to which data buffers can be attached.
Each quad except the last (the link quad) contains information about the direction of the DMA transfer to be performed, an attached data buffer, and a byte count of the
data. The link quad denotes the end of a DMA chain and
referencesthe DMA completion list entry for a transaction.
The completion list entry is a memory area that the card
updates with the status of the completed transfer. In addition, the link quad can reference more DMA chains.
Networking
To transfer data to the HP OSI Express card, the driver
allocates resources for the connection and then sends or
receivesmessagesand data using DMA.
Allocation and Deallocation of Register Sets.When a connection is brought into service,the CIA and the BMI allocate
path register sets and other resources to the connection.
The CIA also calls the driver so that the driver can allocate
its own resourcesfor the connection. When this call is
made, the CIA passesthe driver pointers to a set of procedures called completers. These routines, which are associated with each connection, are called by the driver
whenever certain events occur on the connection. The three
types of completer routines are read completers,transparent indication completers, and enor completers. These
routines reside in the CIA.
When registersets are deallocated,the CIA, in addition
to sending BMI messages,makes appropriate calls to the
driver so that the driver can deallocate the resourcesthat
had been allocatedfor the connection.
Sending and Receiving Messagesand Data. When the CIA
wishes to exchange messagesand data with the BMI, it
makes read or write requestsfor the desired registerset to
the driver. The CIA passesto the driver a list of memory
buffers to use for the transfer, These buffers contain user
data in the caseof writes, and spacefor inbound data in
the case of reads. Also, each buffer contains space for the
DMA quad required to form the DMA chain. This allows
Data Ouad 1

Data Ouad 2

the driver to avoid the additional effort of allocating memory for quads. The driver forms the memory buffers into a
DMA chain similar in structure to that shown in Fig. 5.
Then, for an outbound transfer, the driver starts the DMA
transfer on the outbound path register set (even-numbered
registers) associatedwith the connection. For an inbound
transfer, the driver starts the DMA transfer on the connection's inbound path registerset(odd-numberedregisters).
The driver allows the CIA the flexibility of starting simultaneous DMA transfers on multiple connections or on connections with transfers in progresswithout having to wait
for the completion of existing requests.If a transaction is
in progress,the driver will queue a newly requestedtransaction for that register set behind it.
When a DMA transfer is completed by the card, the card
fills in the completion list memory area pointed to by the
link quad with information about the transaction type and
its status.It also adds this completion list entry to the host's
DMA completion list and generates a host interrupt. A
special VO service routine in the host kernel scans this
completion list and invokes the driver for each completed
transaction. For completed read transactions,the driver
calls the read completer routine associatedwith the connection. The read completer routine puts the data read on
the inbound socket buffer for the connection so that it can
be read by ULIPC calls. For completed writes, the driver
simply frees the memory buffers used in the transfer and
updates the connection's outbound socket buffer.
The transparent indication and its associatedcompleter
routinesprovide a specialmechanismfor inbound (card-tohost) flow control. A transparent indication is simply a
messagethat tells the host that data is available for reading
from the card. The messagecontains the number of the
connection on which the data is available and the quantity
of data. Register set 1 is always allocated for receiving
transparent indications from the card into the host, and
the driver alwayskeepsa small number of readtransactions
posted on this register set. If the driver receivesa transparent indication on the special register set, it calls the
transparent indication completer routine for the connection specifiedin the transparentindication. This completer
routine checks whether enough memory exists in the host
to read in the data. If so, the CIA calls the driver to read
the data; otherwise it waits until memory is available. The
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Fig. 5. A DMA chain.

46 HEWLETT-PAoKARD
JoURNAL AUGUST 1990

card will not send another transparent indication for the
same connection until the CIA has called the driver to read
the data for the indication already received.
Fig. 6 depicts the situation that could exist betweenthe
host and the card if two applications in the host had each
establisheda singleconnectionto an application elsewhere
on the network. Application X's connectionis using register sets 18 and 19 to transfer data between the host and
card (and ultimately between two communicating hosts),
with register set 18 being used for outbound traffic and
register set 19 for inbound traffic. At the time this situation
occurs,the connectionhas one outbound and one inbound
DMA data transfer in progress.
Application Y's connection usesregister sels22 and 23.
This connection has multiple outbound data transfersin
progress.This could be the caseif the remote host is for
any reasonslow in receiving the data.
Also shown in Fig. 6 are transparentindications being
sent by the card to the host to indicate the presenceof data
to be read on the card. The figure shows the first transparent
indication being received on behalf of application Y, and
the second by Application X. Presumably,both applications would post subsequentreads to receive this data,
which would execute directly or queue after the read transactions depending on the system timing.
Diagnostic Use
Nodal management and diagnostic tools can call the
driver directly from user space to download software to
the HP OSI Expresscard or to exchangediagnosticinforma-

Host
Register Sets

tion with the card. Examples of diagnostic operations the
card can perform are self-testing and uploading of memory
contents to the host for debugging.T
The driver supports the standard HP-UX system calls
openfl,ioctl$,readQ,writeQ,and closeQfor diagnostic access to
the card. The openQcall makes the driver and card available
for diagnostic access. The ioctlQcall tells the driver which
type of diagnostic transfer to initiate on a subsequent read$
or writeQoperation. When the driver's caller invokes readQ
or writeQ,the driver builds a DMA chain appropriate to the
diagnostic request to be performed, referencing the data
buffers to be read or written. The driver then starts the
DMA transfer and waits for its completion. After the operations have been performed, the close0 call relinquishes
the driver for diagnostic access.

Kernel Module Data Structures
Several data structures are used within the kernel modules to maintain the state of the many activities associated
with a connection. Fig. 7 shows the key individual connection data structures. The top-level structure is the socket
structure. This structure stores socket state information,
and also references two queues (socket buffers) for inbound
and outbound user data. When an application sends data
using ulsendQcalls, ULIPC moves data from user space into
the socket's outbound socket buffer. Similarly, incoming
data for the connection is queued on the socket's inbound
socket buffer and can be read from thereusing ulrecvQcalls.
The state information and queues are updated as data flows

HP OSI Express Card

Multiple Queued Read
Transactions for
Transparentlndications

Data
to/from
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RS 23
= omTransaclion containing
Message and/or Data
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BMI = Backplane Message Intertace
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Fig. 6. Iransactions in progress
between the host and the HP OSI
Express card on multiple register
sels. /n thls examole.thereare two
full-duplex connections with each
connection in use by a separate
application.
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through the connection
The next data structure is the CIA control block. This
data structure is used to hold information about the current
state of the host-card path for a connection. Contained in
this state information are a socket pointer and a register
set value identifying the backplane register sets to be used
for the connection. The control block can also reference
queues of outbound expedited data and user data from
connectrequests.
At the driver level, state information is kept for each
register set pair in use, as well as for each registerset in
the pair. The registersetpair information containsthe completer routine pointers for the registerset pair as well as
the overall state of the pair (e.g.,is the pair allocated or
free).For each registerset in the pair, the driver storesthe
head and tail pointers for the DMA chain being transferred.

Special Kernel Module Features
Severalfeaturesprovided by the kernel modulesenhance
the efficiency of network transfers.Someof thesefeatures
include the ability for more than one application to use
the same call socket, expedited transfer of high-priority
data flows, and guaranteed delivery of inbound data.
Gall Socket Rendezvous
One of the special features that the ULIPC and the CIA
provide is the ability for two or more unrelated user pro-

grams to wait for connection indications on the same call
socket. This ability makes it easier for server processesto
handle severalindications at once.
The CIA with help from the ULIPC allows unrelated
processesto share the same call socket if they both specify
identical OSI addresses.When the first call socket is
created,the CIA sends a message(Add-SAPS)
to the BMI
with the OSI addressincluded. Assuming that the card has
enoughresourceswith which to registerthe address,it will
send back a positive responseto this messagealong with
a special value that the CIA will associatewith the first
call socket.When the second call socketis createdby the
second processand the Add-SAPS
messageis sent to the
BMI with the sameOSI addressas for the first process,the
card software notices that the two addressesare the same
and sendsthe responseback with the specialvalue for the
first call socket.The CIA realizesfrom this that the second
socket is a duplicate of the first, and tells the ULIPC that
the two socketsshould be merged.The call socketdescriptor provided to the secondprocesswill thereforereference
the same call socket as that given to the first process.
Expedited Data
In the OSI environment,expediteddatais datathat sometimes must be sent or receivedwith a higher priority than
normal data and not be subjectto normal flow control. A
messagefrom an application to abort a connection is an
example of datathat usually receivesexpeditedtreatment.

Registel
Set Pair

Fag.7. Data structuresfor an individual connection.
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The kernel modules make special provisions for this type
of data.First, dedicatedregistersetsareallocatedfor receipt
and transmissionof expedited data so that transmissionof
this data is not impeded by pending transfersof normal
data.Then, at the CIA and the ULIPC level, inbound expedited data is marked so that it can be distinguished from
normal data. When inbound expedited data arrives, the
data on the inbound socketbuffer is reorderedso that all
expedited messagescome before normal data. The socket
reservations (maximum amounts of data allowed to be buffered at the socket)are also increasedso that the flow of
expedited data will not be impeded by normal data.
Outbound expedited data bypassesnormal data stored
on the outbound socket and is either sent immediately or
stored (if the BMI is not yet ready to receiveit) in the CIA
control block for the connection. Therefore. outbound
expedited data, as well as inbound data, always bypasses
the flow control mechanismsof normal data.
Guaranteed Delivery of Inbound Data
In networking implementationswhere the transportprotocol residesin the host, the transport layer has accessto
the latest statusof resourcesin the host, particularly in the
areaof memory availability. If the statusis unfavorablefor
receiving inbound data,the transport layer will know this
and can take appropriate steps to compensateby doing
such things as discardinginbound data.This assumesthat
the remote side will likely retransmit the data and that the
unfavorablestatus is only a short-termcondition.
However, when the transport protocol resides outside
the host, as is the case for this implementation, it must
receive data with no particular knowledge of or guarantee
about the host's ability to receive this data. If host conditions areunfavorablefor receivingthe data,the datacannot
simply be discardedbecauseit has alreadybeen acknowledgedto the transmitter as having been received,and will
thereforenot be retransmitted.Therefore,data receivedby
the card transport protocol must be guaranteedsuccessful
passageinto the host.

The approach taken to this problem was to examine the
possiblecausesof host inability to receivedata,and adjust
kernel configuration parameters(in particular, networking
memoryreservations)for the implementationto ensurethat
they could not occur under worst-caseconditions.
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Interoperability
Testingfor HP MAP3.0
lnteroperability
testingis used to ensurethat HP MAP3.0
withothervendors'systems
OS/servicescancommunicate
andtouncovererrorsbothin HP'sandothervendors'OSI
implementations.
by Jeffrey D. Meyer
NE OF THE PRIMARY objectivesof HP's MAP 3.0
offering is to allow HP systemsto communicate
with those of other svstemvendors.To be successful in meeting this objective requires interoperability testing in addition to standard software testing practices such
as module, system, and reliability testing. Interoperability
testing is the verification of the ability of different network
implementations to communicate. This type of testing
helps to expose implementation errors in both HP and other
vendors' systems, and most important, it helps to ensure
that we provide our customers with a truly open system.

Needfor Interoperability
Testing
The largenumberof networkstandards,
their relative
newness, and the existence of many options within the
standards makes the implementation of a full OSI stack a
formidable task. Errors can be made both in the selection
and enforcement of options and in the general encoding
and decoding of the protocol data units that are sent across
the network. These types of errors may go undetected during testing between similar systems because they can be
canceled. Canceling happens when an error is present in
both the sending and receiving code, the net effect being
that no error is detected.
Fig. 1 illustrates this problem. In this case implementation A incorrectly requires the presence of optional field
Y in a PDU. During the testing of A against itself this error
is not detected because A always includes field Y. When
A tests with implementation C, which does not include
this field, the error is exposed. Fig. 1 also illustrates that
interoperability testing is not transitive. A tests with B
successfully because B includes the optional field. Also B
tests successfully with C because B does not require the
optional field Y. But A fails the test with C.
Because of the canceling effect, an OSI product can go
through its internal software testing cycle and still contain
significant undetected errors. Because of the lack of transitivity we cannot make assumptions about our ability to
operate with one vendor based on our experience with
another. For these reasons interoperability testing is an
important and necessary element of the test cycle for OSI
products.

ConformanceTesting
Anothertype of testingthat exposesdefectsin OSIimplementations is conformance testing. Conformance testing
consists of running a set of communication tests between
the system being tested and a reference system. The idea
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here is that the reference system is a correct implementation
of the OSI layers being tested and that successful completion of the conformance tests will indicate that the tested
system's implementation is also correct (conformant). Tests
for OSI implementations are administered by a national
agency. In the United States this is the Corporation for
Open Systems (COS), which issues certification marks to
systems passing the tests.
Conformance tests may eventually replace the need for
most interoperability testing, but this is not the case today.
The main problems existing are the availability and stability of tests and the commitment of vendors to undergo
testing. Because the FTAM conformance tests are still
under development and there are no accepted MMS tests
in the United States, we must perform interoperability testing.
HP is taking an active role in participating in the COS's
conformance testing. We have completed IEEE 802.4 and
OSI Transport Class 4 tests and are working with the COS
on FTAM testing. Because the conformance tests are also
subject to errors in implementation, the participation of
other vendors in conformance tests is essential to their
becoming stable. As stable conformance tests become availlmplementation
A
. OptionalFieldY AlwaysPresent
. IncorrectlyRequiresOptionalField
lmplementation
B
. OptionalFieldY AlwaysPresent
. Doesnot RequireOplionalField
lmplementation
C
. OptionalFieldnot Used
. Doesnot RequireOptionalField
A --*)
A

trtrE -B--}A

OK
trtrE
B
c --->
EE
trrr

d!

II

c

EE
II

---)

A
Etror

Fig. 1. An exampleof how an errorcan be canceledbetween
syslems.

able and are widely accepted among vendors, we should
seethe following benefits.
r The tests will be very rigorous and produce a range of
behavior much greater than that generated by a typical
implementation, This should enable conformancetesting to expose the majority of implementation errors.
r The tests will be improved over time to incorporate tests
for implementation errors that might still be found between conformant systems.
r The rigorous and improved tests will mean that a system's conformance mark will provide a high level of
confidence in its ability to interoperate with other conformant systems. This will reduce the need to perform
controlled interoperability testing between each pair of
implementations.
The Interoperability Test Process
Although interoperability testing could be performed by
purchasing the other vendor's equipment and implementing and running the tests in-house,experiencehas shown
that our most effective interoperability testing has resulted
from cooperation between HP and the other vendor. The
cooperative approach speedsthe test development cycle
and it improves the ability to diagnose problems detected
in the other vendor's equipment. If problems are found in
the other vendor's equipment,their involvement improves
the turnaround time for fixes.
Fig. 2 shows the interoperability testing processthat has
been establishedat HP. The processis initiated by an HP
field representative after a customer request has been received for an HP OSI network product. The other system
vendors on the network are reviewed against the systems
we have already tested. If any have not been tested then
the testing processbegins.The testing processmay also be
initiated by R&D or marketing for vendors our customers
might use in the future.
The first phase in the testing process is determining the
availability of personnel within the factory to perform the
testing. After identifying the internal team, contact with
the other vendor is establishedfor carrying out the testing.
In somecircumstancesthe customermay alsobe involved.
When the teams are establishedthe next step is to exchangeinformation about each vendor's implementation.
The information exchangedconsistsof a document called
a P rotocol Implementotion ConformonceStotement(PICS)
and, if available,network tracesshowing the protocol data
unit encodingsproduced by the vendor's stack.The PICS
describesthe servicesand options supportedfor a protocol.
Each of the ISO protocol standardsspecifiesthe information to be provided in the PICS, which usually takes the
form of tablesto be filled in. The PICSinformation is used
to determinethe functionality to be tested.The PICSinformation can also be used to determine if the functionality
requestedby the customeris met by the two implementations. The network traces from the other vendor can be
compared with those of our implementation to identify
differencesand to look for known problems.
After this exchangeof information takes place, both parties are preparedto decide on the appropriatetest casesto
be executed and the location where the tests are to take
place. HP has a set of abstracttest casesfor both FTAM

and MMS, which are generally proposed as part of the test
suite. An abstracttest casedescribesthe test purpose,the
stepsto executethe test, and the expectedresults.
In addition to testing at one of the vendor's facilities,
two other options exist for test location. Testing can be
performed over a wide area network by using a router to
move data from eachvendor's local IEEE802.4network to
an X.25 public data network. An advantageof this type of
testing is that both parties can work out of their respective
labs, giving them easy accessto the development and diagnostic tools available. Testing may also be performed at
the COS's interoperability test lab. COS, the agency that
performs conformance testing, has provided floor spacein
their lab for vendors to leave their equipment. For about a
week every quarter vendors are invited to come to the lab
to carry out interoperability testing. An advantageof this
environment is that testing can be performed with more
than one vendor.
Install, configure,and verify are combined and listed as
a separatestep becausewhen equipment is moved for the
purposes of this testing, it is important that its local functioning be verified first. This avoids wasting time diagnosing problems that have nothing to do with interoperability.
After all the preceding activities have been completed,
the actual execution and interpretation of the interoperabil-

Fig.2. The interoperabilityteslrng process
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ity tests can take place. The evaluation of the failed tests
should involve both vendors.It is useful to gatheras much
information aspossible,including tracesof the dialog,error
messagesreported, errors logged,and configuration data.
After diagnosinga problem, ownership is assignedand the
problem corrected.If fixes are not readily available,both
vendors may agreeto proceed with other tests if they are
confident that the error exposedwill not affectthe outcome
of the other tests.In fact, it is useful to define teststhat are
looselycoupled,that is, testeachcomponentof the network
service with little dependenceon other functions. This
ensuresthat testingcan proceedin parallel with fixes being
developedfor exposedproblems.
When testingis completean entry is madefor that vendor
into an on-line information base,This entry describesthe
tests that were performed, and for those that failed, the
symptomsand type of problem, the owner of the problem,
and the fix. In addition to the test results,theseentriesalso
give information aboutthe vendor'sequipment,the personnel involved in testing, the time and location of testing,
and the diagnostic tools available on the other vendor's
equipment. This record can then be used for evaluating
future field requestsfor vendor support as well as for tracking trends in interoperability problems.
Interoperability Results
The mostencouragingresult to comefrom our interoperability testing is the high level of cooperationwe have had
from other vendors.One reasonfor this cooperationis that
all parties involved gain from this testing. Both vendors
have the opportunity to improve their implementations
and their customersget the assurancethat the different
systemswill be able to communicate. We had originally
thought that issues of defect ownership might arise frequently, but all the defectswe encountered so far have had
ownership resolved.
The distribution of errors we have seenso far is shown
in TableI. Somequick observationsfrom this tableinclude:
I Interoperability (IOP) testing is necessarybecausedefects were uncoveredin the tests with all vendors.
I Defect rates from the sessionlayer on down were low
becausethe various implementationsof theselayers are
quite stable.
I Defectrates should decreasesteadily as interoperability
testing is done with more vendors.

Table I
IOPDefectsExposedBy LayerDuringIOPTesting
with Eight Vendors(HPdefectcount at left)
Layer

A*

FTAM
OO
MMS
15
ACSE
47
P r e s e n t a t i o1n0
Session
00
TP4
00
CLNP
OO
MAC
00

B*

C

OO
21
24
15
0O
00
OO
00

33
00
07
00
00
00
OO
00

D*EF*GH
oo 77 00 04
27 00 02 00
00 010100
02 00 0172
010010
00
00 0100
00
00 00 00 00
00 00 00 00

* IndicatesMMS testing (otherwiseFTAM)
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Totals
0,2
00
00
01
00
00
00
00

20
L4
1.4
t4
2
10
o

The largestclassof errorsencounteredwas protocol data
unit (PDU) encoding errors, about 20%. It is noteworthy
that from the presentationlayer on up, the encodingrules
for the PDUs change,and this is where the majority of the
errors were located.The changeis that the encodingrules
areno longerexplicitly statedin eachprotocol specification
as they are in the lower layer standards.Instead, all the
upper layer standardsuse what is called Abstract Syntax
Notation One (ASN.l) to describethe way PDUs are to be
constructed.ASN.1 is defined by two standarddocuments
of its own. ASN.1 allows a consistentmechanism for describing the upper layer protocols,but the cost is that the
final encodingof the PDU is lessclear.ASN.1 also permits
Iengthsof PDUs to be encoded in two different ways, and
severalvendors,including HP, had someerrorsin decoding
both methods. See the article on page 11 for more about
ASN.1.
Within the FTAM errors,half of the errorswere the result
of the incorrect effect being applied to the file being accessed.For instance,a requestto recreatea file with new
attributesmight actually result in the samefile being overwritten and its old attributes kept (i.e., time of creation,
owner, accessrestrictions,etc.).Another large classof errors came from two implementationsbeing overly restrictive on a set of concurrencycontrol flags, which are used
to control simultaneousaccessto files.
Another trouble spot,at the application and presentation
layers, had to do with the negotiation of contexts to be
used for the two entities to communicate.When a connection is establishedat the presentationlayer the two entities
agreewhat application layer protocols will be used (e.g.,
ACSE and MMS) and what encoding rules will be used,
which is always ASN.1. One problem was that the codes
used to indicate the protocolsbeing proposedwere still in
a stateof flux late in the implementationcycle. Other problems resulted from the standard'sallowing multiple ways
to order the proposed protocols and different methods of
encapsulatingthe data from the upper layers.
One last trouble area worth mentioning resulted from
optional fields. Six errors were the result of either an implementation requiring a field that was optional, or not
handling a field that could optionally be present.
Useful Practices
The HP 4574A MAP 3.0 protocol analyzer proved to be
an indispensabletool during interoperability testing.The
analyzer captured all the OSI traffic between the two systemsbeingtestedand displayedit in real time on the screen.
The traffic was presentedin severalwindows corresponding to the different layers of the stack. This multilayer
display proved especially useful for situations when one
system encountered an error at an intermediate layer in
the stack. We could see in real time the dialog that had
occurredand determinewhich side was the lastto transmit.
Becausethe analyzer is able to savethe traffic it monitors
in files, we were able to keep track of exactly what dialogs
took place for each test case.
The analyzer was also useful in identifying problems
that are not apparentat the application layer. An example
was incorrect disconnector abort dialogs.Although at the
application layer both sides may see the connection suc-

cessfullyreleased,the analyzerexposederrorsin the dialog
carried out at lower layers.
Another valuable quality of the analyzer is that it acts
as an unbiased observer on the network. There is no doubt
that traffic displayed by the analyzer is traffic that is actually on the network. This is more reliable than traces taken
by either host.
The best method for isolating encodingerrorsis to place
tracesof each system'sencodingfor a particular PDU side
by side and examine those fields that are different. Note
that this processcan alsobe carriedout beforeactualtesting
if PDU traces are exchangedby the vendors as suggested
in the interoperability process.
The logging facilities of the HP MAP servicesand the
HP OSI Expresscard alsoprovedvery useful.Becausemuch
with
carehad been taken to associateunique log messages
each potential error detected throughout the stack, several
errors could be identified immediately from the log messagetext.

Conclusion
The interoperability testing process we have developed
at HP has helped us uncover and correct errors in our OSI
implementation as well as several other vendors' implementations.We plan to continue our interoperability
testing with more vendors in the future. We now have a
better understanding of the types of problems that occur
between different implementations and through our records are in a better position to support our OSI offerings
in the field.
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The HP MAP3.0 SoftwareIntegration
Lifecycle
TheHPMAP3.0programwasa largemultidivisionaleffort
withprojectteamsspreadover differentgeographic
locationsand workingunderdifferentorganizations.
Io
managethe integrationof the hardwareand software
componentsfrom thesedifferentprojectteams,a generic
integrationlifecyclewas developedfor the HP MAP3.0
product.
by DouglasR. Gregory
HE HP MAP 3.0 PROGRAM was a large software
and hardware development project that involved
teamsfrom threeHP U.S.divisions:Information Networks Division in Cupertino, California, Colorado Networks Division in Fort Collins, Colorado, and Roseville
Networks Division in Roseville, California. At the start, the
program was faced with the prospect of integrating and
releasing as a product software, firmware, and hardware
from more than ten pro;'ect teams. These teams were geographically dispersed and each had their own software
development and management methods. Ensuring that the
final product met its functional and quality goals was akin
to assembling an airplane in which all the parts were designed and built in different locations and at different
times, with the parts assembled into larger subassemblies
at different locations. As an added complication, the final
assembly had to continue despite ongoing changes to the
airplane parts.
From the experiences gained during the HP MAP 3.0
program, we have constructed a generic integration lifecycle that describes the various integration tasks and issues
a large, multidivision project needs to address and when
it needs to address them.

Integration Organization
In large projects integration activities can be accomplished using three different organizational models:
distributed, centralized, or a combination of the two fsee
Fig. 1). Using the distributed integration model entails dividing integration responsibilities among one or more
members from each development team. These people are
responsible for integrating the team's software component
into the overall product, with limited support provided by
a dedicated program-wide integration person. While this
appears to optimize the needs of each team, in reality the
program suffers because there is often a lack of shared
plans, accountability, and decision making ability. Problems are compounded in a multidivision environment because different entities have different software lifecycles,
terminology, and quality and development objectives. For
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example, one team may consider their job complete if their
software component builds and runs on just the final, customer shippable product, while another may feel it is necessary to ensure development stability by building and testing
their portion of the product weekly.
A centralized integration team offers the benefits of more
cohesive, program-wide integration planning, more accountability for the success of product integration, and
more focused effort to solve integration problems. However, in a multidivision environment it is difficult for a
centralized team to meet the different needs of each organization and project team. Care must be taken to ensure that
the central integration team is perceived by the rest of the
program as a partner and not as an organization constantly
in the way (i.e., something to work around).
The HP MAP 3.0 program evolved into a hybrid of the
above two organizations. A centralized integration team
was set up with the responsibility for ensuring the step-bystep integration of the various software and hardware components for the final product and the final integration and
shipment of that product via the HP-UX release process.
As time progressed, it became apparent that, in addition
to the central integration team, each geographically separate division needed at least one full-time person dedicated
to meeting that entity's specific integration needs, plus a
member from each project team to serve as the first point
of contact for integration planning, problems, and issues
(see Fig. 1c).

The HP MAP 3.0 Integration Lifecycle
Integration activities can be divided into three phases:
the initial development phase, the initial product integration phase, and the final product integration phase. The
initial development phase is characterized by preparatory
activities for integration and results in an integration plan.
In the initial product integration phase the integration plan
from the earlier phase is executed. Finally, the final product
integration phase involves making the product run on the
customer-release platform. Because these phases occur in
parallel with other software lifecycle activities, large, mul-

tidivisional programs may find it useful to add an integration activity column to their traditional development
lifecycle.
lnitial Development Phase
Occurring in parallel with the design, coding, and unit
test phases of the development lifecycle, the integration
objectives of this phase are to plan the strategy and tactics
for assembling the individual software components to
create the final product. The output of this phase, an integration plan, should address the following:
r Identifying common interfaces between teams
r Developing a program build strategy
r Implementing and distributing an integration development environment
I Identifying initial module entry criteria
r Developing an integration plan.
Because the success of the specification and design phase
of a software product has a strong impact on the success
of the implementation and testing phases, the activities
performed in this phase of integration greatly influence the
integration activities in later phases.
Common Interfaces. Because different organizations have
different ways of doing things, it is critical to identify common interfaces through which they can interact. Although
there were interfaces in the HP MAP 3.0 program at all
levels (product teams, development teams, etc.), the interfaces that were eventually used to manage the integration
effort for the program included a program-wide lifecycle
and program evaluation and review technique (PERT), a
common build technique and use rules, an integration development environment, initial module entry criteria, and
a final product system test strategy.

D i v i s i o nB

Division A

These interfaces defined the way entities such as the
divisions and development teams interacted with each
other while leaving them the freedom to innovate to meet
their specific, local objectives. It is important to note that
these interfaces were introduced as needs were identified,
and were continuously refined and improved as time passed.
Program Build Process and Strategy. The design and implementation of an efficient, consistent method of building
a software product is critical in any program. In a project
with geographically dispersed entities, it becomes even
more important because of the limited communication
paths available to resolve differences and defects found
during product integration.
Originally intended to be used only for integration purposes, the HP MAP 3.0 build process was later adopted by
virtually all project teams and became an integral part of
the development environment. The build process provided
a method of compiling, linking, and verifying all or part
of the MAP product in a consistent, uniform fashion, while
giving each project team as much independence as possible
in implementing and testing their portion of the build. Fig.
2 shows the partial output of a build for HP MAP 3.0.
Of equal importance to a program's build process is its
build strategy. The types of questions that need to be
answered with any build strategy include:
r How often should a product build be done?
I Should a product build be done in one location or should
each entity build its own portion?
r How should the build be distributed to development and
test teams?
r How should new modules be integrated into the product?
The original HP MAP 3.0 build strategy was to build and
distribute the latest version of the software every four to

D i v i s i o nA
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Division"{}
(a)
Division A

(c)

D i v i s i o nB
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Fig. 1. Different methods for organizing an integration team. (a)
A distributed integrationteam. (b)
A centralized team. (c) A hybrid
of the two, For geographical and
convenience reasons, HP MAP
3.0 adopted (c) as its model.
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six weeks. Each build, or integration release, contained
successively more product functionality. The large time
between releases was judged to be necessary because of
the instability of the product during the early phases of
development. Development teams were responsible for
picking up the latest release via disk image or across the
internet and using it for continued development, integration, and testing.
However, from the moment developers created their own
private version of the build tree, they began to modify it,
incorporating "under the table" fixes from other development teams. This meant that by the time it was necessary
to build a new release, each development team's private
tree was often very customized and very different. While
individual modules passed their tests within private trees,
six weeks later, when a completely new product build was
performed, owners found that either their module or a module that depended on their module had broken because of
a code change they had not incorporated in the six week
interim. This resulted in integration releases that were taking longer than anticipated to create, test, and distribute.
To alleviate these problems, partway through the program, we adopted a daily build strategy. Each night, an
attempt was made to build and test to a predefined level
the entire HP MAP 3.0 product using the latest version of
the source and test code. If a good build was achieved with
a quality level appropriate to a daily build, it was saved
and made available to development and test teams. By
keeping the daily and other last good builds in separate
areas, a failure to achieve a product build on any given
day did not impact a team's ability to retrieve the latest
good build. Before a major external release (e.g., an HP-UX
integration cycle), a designated daily build was set aside
in a separate area and tested for functionality and quality
levels appropriate to its intended customer (e.g., HP MAP
3.0 system test, beta test sites, and HP MAP 3.0 system
integration). Some of the other advantages gained from
daily builds included:
r Daily builds provided constant feedback on the state of
the product. If the daily build was broken, the HP MAP
3.0 product was broken and not usable.
r Problems could be identified and isolated while they
were still fresh in the minds of those who had made the
changes.
r Good builds, complete with badly needed defect fixes,
could be made available on a much more frequent basis
to teams who needed them.
Development Environment. One of the major problems in
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Files
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Source

Returning to the aircraft analogy used earlier, imagine
the chaos that would reign on the assembly line (or the
flight linel if a wing designer were to make a change to the
wing shape without being able to assessthe change's impact
on the whole aircraft. Unless this assessment is done. the
whole assembly line may have to shut down, or, worse,
the aircraft may not even leave the ground. The IPDE provided a way for software developers to make such checks
on the HP MAP 3.0 product.
Modules Entry Criteria. As developers finish their initial
code and module tests, it is important for them to know
the release criteria for their software modules. In other

/osibin

/ftam

--=

a large, geographically dispersed program is determining
how to distribute product builds to development and test
teams in a timely and nondisruptive fashion. To accomplish this task, the HP MAP 3.0 integration team
adapted and modified for their use a set of tools that became
known as the integrated personal development environment, or IPDE (see the box on page 59). The objectives of
the IPDE were to provide:
r A private copy of a build for each developer and tester
r A mechanism in which developers and testers could
easily incorporate a new build into their private copy
with minimal disturbance to their development and test
activities
r A procedure that allowed different teams to pick up
build trees with different frequencies
r A flexible toolset modifiable to meet the different needs
of different phases of the program.
Using the IPDE, the integration team was able to offer
appropriately tested build trees to the different integration
user groups (see Fig. 3). For instance, system test teams
who were interested in high-quality, stable code, picked
up a new build tree only after a major external release.
Some developers, on the other hand, wanted to be running
the latest code to test the compatibility of their changes,
or because they needed a major defect fix.
After a group picked up a new build tree, individual
users in that group linked into the new build tree. In that
way they were able to begin using in a short period of time
a build tree that contained the latest checked-in files from
all other teams, while continuing to use private versions
of their work files. By simply recompiling the portion of
the build they were working on, developers and/or testers
could decrease the probability that when they made their
work files available for a later build (by checking them into
the source control system), they would break another module or another module would break theirs.
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Fig. 2. Part of an HP MAP 3.0
build tree. Note the separate directoriesfor source, binaries,and
executables.The source and lest
directories were furtherdivided so
each project team could completely own their own subdirectory.

words, at what point will their modules be acceptedas an
integratablepiece into the final product? In a document
known as the integration entry criteria, the HP MAP 3.0
integration team explicitly spelled out these criteria. Some
sample items included:
r Each module was required to conform to build process
rules.
r Specific test suites were required to accompany each
submittedmodule [i.e.,a quick and full regressionsuite).
r All test suites were required to run in a special test
execution environment (specifically,the scaffold).l
These module criteria helped to raise the likelihood of
successful later integrations. Those teams that beganusing
the criteria in this document from the start of their coding
phase spent far less time converting their modules and
development environments to fit the later needs of integration.
Module Integration Plan. One of the most important outputs of the initial developmentphaseof the lifecycle is the
development of a module integration plan. HP MAP 3.0's
multidivisional nature made this even more difficult becausein many instancesmodules that resided in the same
HP-UX executable program were developed by different
teams in geographicallyseparatelocations. Significant effort went into producing a plan that reduced the amount
of engineeringeffort and calendartime it took to produce
a singleproduct from the many HP MAP 3.0components.
The plan was constructedusing data flow techniquesto
gain as much parallelism in the integrationprocessas possible (seeFig. a). Each bubble in the plan representedan
integration step that could be accomplished without reliance on modules not previously integrated.For instance,
the initial FTAM application programinterfaceintegration
was accomplishedusing stubs for all modules except for
a portion of the upper layer architecture.
To complete the integration plan it was necessaryto
identify, for each bubble:
r Project teamsresponsiblefor completion (considergeographic difficulties)
r Functionality at entry and exit
User
Group1

r
r
I
r
r
I

Testing level at entry and exit
Neededtest suites
Neededtest equipment
Timetable (schedule,manpower, etc.J
Module dependencies
Needed stubs or emulators.
The completed plan had the benefit of making the integration steps simple, manageableand measurable.
The HP MAP 3.0 program also made attempts to preserve
the software investment in test suites between integrations.
For instance,the test suite used to test the initial FTAM
and MMS integrationswas also used to test all subsequent
integrationsthat involved the FTAM and MMS modules.
No new test suites had to be written. Instead, the same
suites were run on the newly integrated code with stubs
and software emulators replaced with their real counterparts.

Initial Integration Phase
If the initial developmentphaseis characterizedby planning, then the initial integration phaseis the execution of
that plan. The objectiveof this phaseis to expend as little
calendartime and engineeringeffort aspossibleto assemble
all pieces of the software product on a stable operating
system (i.e.,assemblethe product while holding stableall
pieces that are external to it). The primary integration responsibilities during this phaseare to:
r Regularlyperform daily and releasebuilds and provide
feedbackon statusto management,developers,and testers
r Continuously improve the build strategyand processto
improve its reliability
r Continuously monitor progressof the integration plan
and modify it as neededto account for changes.
r Continuously support distributed toolsets.
A missing element in this list is the execution of each
integration bubble on the integration plan. Often in large
programs,the product is so complex that no single team
can hope to have the knowledge needed to assembleall
the pieces of the puzzle in a reasonableamount of time.
User
Group2

A
A

,\rl\

User
Group3

'L
v

Real Tree

User
Group4

Fig. 3. HP MAP 3.0 build user
groups. The HP MAP 3.0 development environmentDrovidedfor the
easy di stribution of buiIds to te ams
with different needs. lndividual
users were virtuallylinked to a real
copy of a build tree.
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Even on programswhere the modules have clearly defined
interfaces,the first time a module is required to function
with another module, defectsare found requiring knowledge and expertisefrom all the module builders to debug
and fix the defect. Such was the casein the HP MAP 3.0
program.
As developmentteamsfinished their modules,they were
given the responsibility for executingone of the integration
bubbles in the integration plan. Attempts were made to
assigntheseresponsibilitiesto one geographiclocation to
reduce communication needsbetween entities. However,
many times there was still the need to assemblesmall,
short-lived, cross-project,and cross-divisional teams to
work on major integration problems.These teams proved
to be very effective becausethey brought togetherknowledge from one or more modules, test suites, or previous
integrations.
As part of the daily build process,integratorsneed to
provide continuous, appropriate feedbackto the various
members of the program team. The build processcan be
improved by providing a daily feedbackmechanism that
includes such things as the stateof the current build, problems encountered,and historical metrics (e.g., modules
responsible for breaking a build, number of successful
builds, code stability, etc.),and by having a strongcommitment from each team to the build's success.The regular
feedbackalso gives managementa good understandingof
the state of the product's quality level and stability. The
key to using the feedbackeffectively is to ensurethat it is
nonpunishing and that it is used constructively to determine what stepsto take to improve the build process.
Also critical during this phase is the effective manage-

ment of the integrationplan (seeFig, ). As with any data
flow process,if any early integrationbubble completeslate
or without the required exit criteria (e.g.,functionality, test
suites,quality level, etc.),it can impact an integrationbubble later in the plan. Minimizing these impacts requires
good cross-teamcommunications and coordination. The
HP MAP 3.0 team used a variety of forums to deal with
integration difficulties including the use of emergencyaction teams to focus on defects,cross-divisionalprogram
managementteams, and weekly or biweekly integration
teleconferences.Some of the solutions included putting
more effort on integrationbubblesthat were falling behind,
changingthe entry and/or exit requirementsof certainbubbles, and revising the order of the integration plan itself.
Final Product Integration Phase
While the product integration phasewas primarily concernedwith assemblingan unstableproduct on a relatively
stable platform, final product integration involves taking
a reasonablyintegratedand stable product and making it
work on a new, and often unstable,baseoperatingsystem.
This phaseof the integrationlifecycle is necessaryprimarily when the integrated product must be shipped with a
new operatingsystemor other dependentsystem.The primary integrationresponsibilitiesduring this phaseinclude:
r Representingthe technical needsand responsibilitiesof
the program to the operating systemreleaseteam
r Modifying the build processand tools to build the final
product on the new operating system
r Incorporatingany operatingsystemintegrationtools into
the developers'tool kit.
Since it spans the entire program and usually has the

API = Application Program Interface
ULA = Upper Layer Architecture
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Fi,g.4. Part of the HP MAP 3.0 integrationplan. Each bubble represenfs a separate integrationactivity complete with entry and exit
criteria.

The Integrated Personal Development Environment
The integratedpersonaldevelopmentenvironment(IPDE)is a
set of tools designedto give each softwaredeveloperthe ability
to acquire and modify a copy of the most recent product build
tree.
Originatedfor the HP 9000 Series500 HP-UXkernel project,
the ideastor the environmentwerelaterincorporatedintoa toolset
for use by the NetworkFile System(NFS)teams before being
adopted and enhancedfor the HP MAP 3.0 program.The IPDE
is designed to work with the following software development
paradrgm:
r Thedeveloperworkson
acopyofthe productbuildand checks
a file out of the source controlsystem and modifiesit.
r The developer recompilesall affected pieces of code and
thoroughlytests the change.
I The modifiedfile is checked back intothe sourcecontrolsvstem lor incoroorationinto the next oroduct build.
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Fig, 1. An IPDE work directory after a user has linked into a
new build tree. Note that all the files rn vtree,the user's virtual
copy of thetree,aresymboliclinkstofilesin thephysicaltree.
Each IPDEuser is given a work directorycontaininga configurationsubdirectory,a virtualtree directory,and a checkoutdirectory.After a build tree is available,a virtualcopy of the build
tree is created under the virtualtree directory.The virtualtree
looks identicalto the real tree, except that all files in the virtual
tree are actually symbolic links to the real files in the physical
'1
tree as shown in Fig. .
When a user checks out a file from the sourcecontrolsystem
(Fig.2), a new,paralleldirectoryis createdin the user'scheckout
directory,the real checked-outfile is placed in the checkout
directory,and the the symboliclinkfile in the user'svirtualtree
is changed to point to the new checked-outfile. The user then
modifiesthe new file as desired.
Becauseof special modificationsto the build process,when
the user recompilesthe checked-outmodule,the symboliclink
to the old binary is dissolvedand the new binaryappears in the

best technical overview of the entire product, the integration team is ideally suited to serve as the program's technical representative to the operating system release team. For
the HP MAP 3.0 program this entailed monitoring, communicating, and assessing the impact of the HP-UX 7.0
schedule and deliverable changes on the program. This
also involved ensuring that all HP MAP 3.0 software components met HP-UX 7.0 system release requirements, and
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Fig.2. The IPDE work directory after a userhas checked out
the file lmip.c.A new copy of the file has been created in the
checkout directory and the symbolic link in the user's viftual
tree changed to point to it.
user'svirtualtree (see Fig. 3).
After a new build tree becomes available,the user again is
linkedinto the new tree.Assumingthe user has not yet checked
in a work file, the new virtualtree would once again look like Fig.
1. Whilekeepingexistingworkfiles,the user has pickedup the
latestcopy of the productbuild,incorporatingthe latestupdates,
fixes,and enhancementsfrom other teams-The user need only
recompilethe virtualtree after each relinkto continueworking.
This recompilationis highly desiredfrom an integrationpoint of
view since it helps ensurethat the user'swork files are stillcompatible with the latest version of the product build and helps
avoidlaterbuild oroblems.
(Physical Tree)

(Work Directory)
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Fig. 3. Ihe IPDE work dircctory after the user has rebuilt the
modified f/e fmip.c.The build process was wriften to remove
the link to the target object module, tmip.obefore compiling,
leaving a pivate copy of the new file in the user's work directory.

building and releasingversionsof the HP MAP 3.0 product
to the HP-UX 7.0 integration teams.
The amount of integration effort required during this
phase should not be underestimated,especially if the releaseplatform is in an unstablestatewhen the decision is
made to begin using it. Becausetypical development,testing, and integration activities have often occurred on a
customerreleased,stableoperatingsystem,the issuesand

r 990HEWLETT-pAcKARo
rounNel 59
AUGUST

concernsthat arise during the early phasesof the integration lifecycle are primarily internal. Once a new, potentially unstableoperatingsystemis adopted,issuesmust be
resolvedthat are often externalto the new product. Having
a representativeor liason to the HP-UX systemreleaseteam
proved invaluable in resolving issuesand avoiding problems.
Although significanteffort was spentgettingthe HP MAP
3.0 product tested to HP-UX 7.0 quality levels, the initial
transition from a customer shipped, stable version of the
HP-UX platform to the new HP-UX 7.0integrationenvironment did not take a large amount of time. To easethis
transition, the HP-UX 7.0 program developeda transition
toolkit called the bui.ld environment that functioned like
a crosscompiler. It allowed developersto build their products on a stable HP-UX platform, but to run the resultant
binaries on a potentially unstabletargetsystem.The integration team was able to modify the build procesrand the
IPDE toolkit easily to incorporate the build environment,
making the changesalmost transparentto developersand
testers.
Conclusion
Severalkey factors led to the successof the multidivisional HP MAP 3.0 integration efforts and can be applied
to other such efforts.These include:
I The integration team should view itself as a serviceorganizationwhose internal customersare developersand
testers.
r The entire programshould view the product integration
phase as a critical part of the product's development.
They should designtheir softwareproduct and processes
for integratability,just as hardware engineersmust de-
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sign their products and processes for manufacturability.
r A common set of interfaces between all teams must be
established.
r There should exist thorough, complete, and reviewed
integration plans.
I There should be regular builds, at least weekly.
! There should be a program-wide build process and a set
of integration and development tools to support it.
The integration lifecycle described in this article is just
another component of the entire product lifecycle, paralleling the development phases of design, coding, unit testing,
and the more traditional integration periods. Project teams
wishing to incorporate this integration component into
their lifecycle should modify it to meet the needs of their
own program. By performing the early planning and continuous coordination emphasized in this lifecycle, large,
multidivisional projects can efficiently use their resources
and reduce the development time and cost of their product.
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Niedersachsen,
Heinols married,hastwochildren,
His
and livesln Ehningen,Baden-Wurtemberg.
interestsincludejogging, photography,and his
family.

Patrick Schmid
PatrickSchmidjoinedHP's
BoblingenInstrumenls
D i v i s i o ni n 1 9 8 7a n d d e signed the timing board ol
t h e H P 8 1 3 1 Ap u l s e
generator.He is currently
the R&D trainingmanager for Hewlett-Packard
GmbH.Patrickreceivedhis
e n g i n e e r i ndgi p l o m ai n
.1987
from the Universityof Stuttgart.His hobbies
i n c l u d em u s i ca n d n a t u r es t u d i e s .

Hans.Jfirgen Snackers
Hans-JurgenSnackers
j o i n e dH P ' sB o b l i n g e nI n strumentsDivisronas a
mechanicalengineerin
1986,shortlyafter receiving a micromechanicsdegree from the Engineering
in the
Schoolin Furtwangen
Black Forestin West Germany.He was responsible
for the mechanicaldesign, hybrid interconnections,and thickJilmlayoutand processof the HP
8130A and 8131A pulsegenerators.Bornin Ludis marriedand lives
wigshafen/Rhein,
Hans-JLlrgen
i n S u l za n N e c k a rH
. i sh o b b i e si n c l u d eh i k i n gj,o g g i n g ,a n d r a i l w a ym o d e l i n g .

79

-500-MHz

Output Section

Hans.J0rgen Wagner
Hans-JurgenWagnerwas
responsible{or developmentof theoutputamPlifier
board, the hybridtechnology, and the GaAs integrated circuitfor the HP
8 1 3 1 Ap u l s eg e n e r a t o r .
His protessionalinterests
includemicroelectronics,
lCs, and hybrid technolo g y .H e r e c e i v e dh i se n g i n e e r i ndgi p l o m ai n 1 9 8 4
in technicalelectronicsJromthe Universityof
lives
Stuttgart.Bornin Ludwlgsburg,Hans-Jurgen
. e i s m a r r i e da n dh a st w oc h i l d r e n .
i n S i n d e li fn g e n H
He enjoysbicycling,soccer,dramaticacting,and
t e c h n i c alli t e r a t u r e .

Heino Hdpke
Heino Hopkejoined HP's
BdblingenInstruments
Divisionas a design engineerin 1985,shortlyafter
receivingan engineering
diploma in compulerscience from the Engineering
S c h o o li n H a m b u r g .H e
h e l p e dd e s i g nt h e H P
8 1 3 0 Aa n d 8 1 3 1 Ap u l s e
generators,specificallythesoftware,the microprocessor board, and the keyboard.Born in Spieka,

As a memberof the HP
8131A pulsegeneratordevelopmentteam, Stefan
Kleinwas responsiblefor
designingthe transducer
board.HejoinedHP'sBobl i n g e nI n s t r u m e n D
t si v i s i o n
in 1987 as an R&D projecl
engineer.His professional
interestscenteraroundmi-

crowavesand technology,A graduateofthe Universityof Saarbrucken,
Stefanearnedan engineering diplomain 1985in highJrequencymicrowave
and measurementtechnology.Born in Schaffhausen,WestGermany,Stelanlivesin Gechingen,
is married,and has two children.His hobbiesincluderailwaymodeling,trumpetplaying,andjazz.

8 5 = 3 0 0 - M H z O u t p u tS e c t i o n:
Volker Eberle
As a projectleaderfor the
HP8130A pulsegenerator,
VolkerEberlewas responsible {or the output board
the HP
and fortransferring
8130Ato production.He is
syscurrentlyinvestigating
lem archilecture.Afterioini n g H P i n 1 9 7 5 ,V o l k e r
h e l p e dd e v e l o pt h e H P
BO92Adelay modulelor the HP 80804 pulse
generatorsystem,a bipolarLSIchip for severalins t r u m e n t sa,n dt h eH P8 1 5 11 Ao p t i c ahl e a d .H ei s
an engineerlnggraduateo{ the Universityof
Stuttgart,earningan engineeringdiplomain 1974
and highJrequencytechniques.
in communication
Born ln Stuttgart,Volkerresidesin Boblingen.He
is married,hastwo daughters,and enjoysplaying
the accordion,biking,and model railroading.

Peter Schinzel
PeterSchinzeljoinedHPas
an R&D engineerat the
B o b l i n g e nI n s t r u m e n tDs l v i s i o ni n 1 9 8 7 .H e h e l P e d
d e s i g nt h eH P8 13 0 As l o p e
generatorsand hYbrid
technology.A graduateof
the universityof stuttgart,
PeterearnedhisdiPlomain
1 9 8 7i n c o m m u n i c a t i o n
and theoreticalelectronics.Born in Stuttgart,he
n o wl i v e si n B o b l i n g e nH. i sh o b b i e si n c l u d eb i k i n g
and astronomy.

GunterSteinbachearned
an engineerind
giploma
(1977)in electricalengineeringfrom the University of Karlsruhein West
Germany.He was a visiting
of
scholarat the University
Californiaat Berkeleyin
1978,and then studiedfor
7*'
his PhD degree (1985)in
Tiil
g h i l ew o r k i n ga t R u h rU n i e l e c t r i c ael n g i n e e r i nw
versityin Bochum.GunterJoinedHPas an applicationsengineerin 1985 at the HPTechnologyCenter
in SantaClara,Cali{ornia,and developedcustom
r u t p u ta m p l iife rl C
t h el i n e a o
b i p o l a rl C s ,i n c l u d i n g
forthe HP813CApulsegenerator.Hisworkhas resulted in a patenton an analog-digitalconverter.
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500-MHzand 300-MHzProgrammable
PulseGenerators
are capableof testingthe most
Ihese instrumenfs
advancedCMOS,ECL,and GaAsdevices.A custom
bipolarlC generafesfhe timingparameters.
by WernerBerkel,Gerd Koffmane,FrederickL. Eatock,PatrickSchmid,HeinoH6pke,
Snackers
and Hans-JUrgen
HE PULSE GENERATORis a versatile and fundamental instrument that is widely usedfor parametric
measurementson digital devices in automatic test
and bench R&D applications. Using a fast pulse generator
at the input of a device under test and a fast sampling
oscilloscopeat the output, measurementsof setupand hold
times, propagation delays, maximum toggle frequencies,
input level sensitivities, and many other parameterscan
be made at normal operating speeds.The pulse generator
is also well-suited for characterizingtransmissionlines. It
can be used to measurecrosstalk,loss, impedancematching, and other characteristics.
In fast bipolar digital technology and the fast-growing
GaAs field we saw a demand for a fast pulse generator.
After the initial investigation, we defined two. The HP
8131A (Fie. 1) is a 500-MHz pulse generatorwith fixed
rise and fall times. The HP 8130A (Fig. 2)
20O-picosecond
is a 300-MHzgeneratorwith variabletransition times.Most
of the building blocks of the HP 8131A are used in both
instruments,the main exceptionsbeingthe HP 8130Aslope
generatorand output amplifier. Both instrumentsare fully
programmablevia the HP-IB (IEEE4BB,IEC 625).
500-MHzPulse Generator
The HP 8131A's 200-pstransitiontimes (10% to 90%)
and 500-MHzmaximum repetition rate aresuitablefor testing the most advanced CMOS, BiCMOS, ECL, and GaAs
devices.For higher repetition rates,a transducermode allows the generatorto convert an external sine wave at a

frequency up to 1 GHz to a squarewave with 200-pstransition times and selectableamplitude up to 5V.
The pulse period (50% Ievel) is programmablefrom 2 ns
to 99.9 ms. The pulse width (50% level) is programmable
from 500 ps to 99.9 ms, the maximum depending on the
period.Timing resolutionis threedigits-10 ps bestcase.
The output swing is programmablefrom 100 mV to 5V
in a 15V offsetwindow into 50 ohms. An optional second
channel provides two different but synchronized signals
for simulating clock and data signals for setup and hold
time measurements.
Fig. 3 shows typical HP 8131A waveforms.
300-MHzVariable-SlopePulse Generator
The HP 8130A's rise and fall times [10% to 90%) are
programmablefrom 1 ns to 100 ps (independentlyfrom 2
ns). The pulse period is programmablefrom 3.33ns to 99.9
ms, and the pulse width (50%level) is programmablefrom
1.5 ns to 99.9 ms, the maximum dependingon the period.
Timing resolution is 10 ps best case.
The output swing is programmablefrom 100 mV to 5V
in a i5V offset window into 50 ohms, and an optional
secondchannel is available.
Fig. 4 shows typical HP 8130A output waveforms.
Block Diagram
Fig. 5 is a simplified block diagram of the two pulse
generators.The top level showsthe baseunit of both instruments excluding the power supply and the processorunit.

Fig. 1. HP 8131A 500-MHzpulse
generator with fixed 200-ps rise
and fall times (optional two-channel version).
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Fi,g.2. HP 8130A300-MHzpulse
generator with variable transition
times (optional two-channel version).

The third level of the block diagramshowsthe HP 81304
output system,which is describedin detail in the article
on page85. The variable transition times are generatedby
two slope generators:a GaAs a fast slope generatorand a
slow slope generatorbuilt using surfacemount technology.
The HP 8130A output amplifier includes a vernier stage
for output swing adjustment and is designed to be extremely linear becauseof the programmableslopes.A postattenuator is used to achieve the output voltage range of
100 mV to 5V.

The trigger input amplifies and shapes external signals for
the external width, external burst, external trigger, and external clock modes. After the period oscillator, which generates the basic pulse train, the signal is split into the trigger
output channel and the main channels. The delay generator
determines the delay between the main channels and the
trigger output. The delay generator is followed by the width
generator, which determines the output pulse width.
The second level of the block diagram shows the HP
8131A output system, which is described in detail in the
article on page 79. A pulse shortener circuit reduces the
minimum width of L ns generated by the width generator
to 500 ps. An ECL signal modified by the normal/complement switch drives the GaAs amplifier. The 200-ps transition times are fixed for the full amplitude range of too
mV to 5V.

(a)

A

lC Processes
One of the major challengesin the pulse generatorproject
was the difficulty of developing the high-performance,
high-speedanalog circuits. When the project began,there
was little experienceto draw upon in the design of broad-
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Fig.3. Typical HP 8131A output waveforms. (a) 2oo-ps fixed leading and trailing edges. (b)
Variable pulse width. (c) Variable amplitude. (d) Optional second channel.
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circuits is described in the next part of this article. The
GaAsamplifier design is covered in the article on page79.

Timing Board
In the FIP 8130A and HP 8131A pulse generators,all of
the timing for the two 500-MHz channels is generated on
a single board. This timing board is used in both instruments. It consists of four major parts: three timing circuits
to generateperiod, delay, and width and the trigger input
stage.In the optional two-channel version, the delay and
width generatorsare simply duplicated. Fig. 6 is a block
diagram of the timing board.

(b)
Fig. 4. Typical HP 81304 output waveforms. (a) Variable
widths and slopes. (b) Simulatedclock and data signalswith
oDtionalsecond channel.
band linear ICs running from dc to GHz.
We needed a 500-MHz timing circuit, a 600-ps slope
generator, and an adjustable output amplifier. A feasibility
study to find the best available, most reliable, integrated
circuit processes for these requirements led to the choice
of two proprietary HP processes.
For the high-speed timing system we chose HP's S-GHz
bipolar process, and for the output amplifier we chose HP's
gallium arsenide RFIC process. The design of the timing

Timing Circults
As mentioned above, there are three timing circuits in
the standard instrument and five in the optional two-channel pulse generator.
The timing circuits for period, delay, and width generation are very similar. Each consistsof one of the 500-MHz
bipolar timing ICs described above, a 200-MHz bipolar
counter, five current sources,one voltage source,and some
control circuitry. The period generator has an additional
10-MHz TTL burst counter. Fig 7 is a diagram of the timing
circuit.
Depending on the mode selectedby the digital mode
control circuitry, the timing circuit can operate as
r A gateableoscillator
r A triggerable monostable multivibrator (one-shot)
r A transparent IC (output signal : input signal).
The timing IC and the counter form the core of the timing
circuit. The timing IC is capable of generatinga pulse train
with a period between 2 ns and 100 ns and a pulse width
between 1 ns and 100 ns. This analogtiming generationis
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Fig. 5. B/ock diagram of the HP
8131A and HP 8130A oulse
generators. The top level is common to both instruments.Themiddle level is the HP 8131A output
secllon. Thebottom level is the HP
8130A output sectlon.

C h a n n e l1

Output 1

External
Input
Control

Output2

+

C h a n n e l2
Trigger OutPut

split into two ranges. In the first range, timing parameters
below 10 ns are generated and the timing resolution is 10
ps. In the second range, above 10 ns, the resolution is 100
ps.
The counter is used to enlarge the period or width by a
factor of 10', where n is between 1 and 6. This makes it
possible to generate timing parameters up to 100 ms.
Like the timing IC, the counter is a custom bipolar IC
designed in the HP-S process.
Timing Parameter Generation
Fig. B shows how the period, delay, and width are generated on the timing board in the normal operating mode.
The period generator works as a free-running oscillator. Its

Fig. 6. B/ock diagram of the timing board (optional two-channel
versrcn).

repetition rate is the period of the pulse train. The output
signal is used twice. It supplies the output trigger stageon
the output board and it triggers the delay generator. The
delay and width generators work as one-shots, both
triggered on the rising edges of their input signals. Thus
the delay generator triggers the width generator after the
programmed delay, which corresponds to the pulse width
of the delay generator. The width generator determines the
width of the output pulse. The output of the width
generator goes to the output board, where it is amplified
and becomes the output of the instrument.
In addition to the normally used auto mode, the timing
board can be used in an externally triggered mode by
switching the period generator to a transparent state. The

Data Bus + Address Bus

Fig.7.

Timing circuit (period, delay, or width generator) block dtagram.
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external input signal then directly triggers the delay
generatorand appearsat the sametime at the trigger output.
In the gated mode, the period generatoroperatesas in
the auto mode, but with its gateinput enabled.This makes
it possiblefor an externalsignalto start and stop the period
generator.Built-in last-cycle-completelogic ensuresthat
all pulses of a pulse stream will have the same timing
characteristicsand that no pulse can be shortenedby the
external input signal.
In the burst mode, the period generatoris startedby an
external trigger event and stopped after a predefined
number of pulses,selectablefrom L to 9999.The maximum
frequency of 200 MHz in this mode is achievedby using
the bipolar counter to count the number of pulses.In the
period rangeabove 100 ns, this counter is used to enlarge
the timing IC's repetition rate, and an extra TTL counter,
the burst counter, takes over the pulse-countingrole.
Triggering the width generatornot only on the rising
edgeof its input signal but also on the falling edgeresults
in the double-pulsemode. In this mode the output consists
of pairs of pulses separatedby a time interval determined
by the delay generator.The maximum repetition frequency
in this mode is 277 MIJz (to""> 7.2 ns).
For most of the operatingmodes of the timing board, an
external signal must be supplied. To make it easyfor the
userto triggerthe pulse generatoron almostany interesting
signal, a 500-MHz bipolar trigger input stage is implemented on the timing board. This trigger input can be
set to trigger on the positive or negativeedgeof the input
signal at a trigger level programmablein a rangebetween
+ 5v and - 5v.
Timing Board Adjustment
The timing board is completely adjusted by an adjust
program. Therefore,there are no manual adjustmentson the

board.All adjustmentinformation is storedin an EEPROM
on the board. This method makesit possibleto adjust and
test the timing board in lessthan 30 minutes for a two-channel board. Most of the adjustmentand test proceduresrun
automatically, so only for about 10 to 15 minutes does a
technician have to handle the board.The rest of the procedure is performed entirely by automatic test equipment.
As explained previously, the principle of timing generation is very simple. A capacitor is charged by a certain
current. The voltage on the capacitor increasesuntil it
reaches the upper threshold of a Schmitt trigger. The
capacitoris then switched to a negativecurrentto discharge
it. The voltagedecreases
until it reachesthe lower threshold
of the Schmitt trigger.The current sourceis switched again,
rechargingthe capacitor,and the cycle repeats.If the timing
IC is used as a period generator,this charging/discharging
cycle runs continually, while it runs only once if delay or
width is being generated.
To adjust the timing parameters,it is necessaryto align
the parametersin this circuit, which can vary in production
betweenindividual timing circuits.Theseparametersare:
r The value of the ramp capacitor
I The charging and discharging currents
r The internal propagationdelay of the timing IC.
Becauseof the complex circuitry necessaryto stimulate
and control the timing IC, at least 7Oto '1.2potentiometers
would have to be implementedto adjustone timing circuit.
On a completetiming board, this would result in 50 to 60
potentiometers. To make the problem more difficult, there
would be several interdependenciesbetween the potentiometersand there are somelimits to observe.Obviously,
a better solution had to be found. As already mentioned,
the solution was to adjust the timing board automatically,
by means of a program.All of the componentsneededfor
completesoftwarecontrol were available.The HP S4120A,
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Flg. 8. Tining parameter and timing generator rel ationships

a fast digital oscilloscope,could be used for accuratehighspeed timing measurements, and because the pulse
generator was designed to be programmable, digital-toanalog converters (DACs) were already implemented on
the board.It was only necessaryto make these12-bit DACs
instead of the 10-bit DACs that would normally have been
required. The improved DAC resolution makes adjustment
possibleover a wide rangewhile maintaining the required
timing resolution.
Theory
The most direct approach to software adjustment is to
find the DAC values for some equidistant timing values
within a particular timing range, as shown in the following
example:
Period(ns) : 2.O 2.5 3.0 3.5 4.0 4.5 5.0...
DACValues : 100150190250310350400...
For eachtiming value, the correspondingDAC value has
to be found as accuratelyas possible.This usually takesa
few iterations.Once found, theseDAC valuescan be stored
in an EEPROM.The microprocessorin the pulse generator
would accessthese values and calculateintermediatevalues using linear interpolation.
The disadvantageof this method is that it is necessary
to measurea large number of timing values very accurately
to ensure small deviations across the entire timing range.
For this reason.a faster solution was wanted.
Our solution is to calculatethe dependencebetweeneach
timing parameter and the control mechanism-for example, the period of the timing IC as a function of the DAC
value-taking all possiblevariationsinto account.A realistic formula for the dependencebetweenthe delay or width
and the charging current is:
T :

c'"^jvn""t
Ic

n kt.n
Pv

tu

where T is the timing value (delay or width), V6"", is the
voltage window of the Schmitt trigger, C.u-o is the ramp
capacitance,16 is the charging current, toa is the internal
propagationdelay of the Schmitt trigger, and k is a factor
greaterthan or equal to 2.
The timing value T is proportional to 1/I". To operate
the DAC in a reasonablemanner, the timing should be
proportional to the DAC value. To achievethis, the current
has to be proportional to 1lZ, where Z is the DAC value.
Therefore,the dependencebetween the current and the
DAC value is given by:

r. : !r,.,

+ t"

(z)

where Z*"* is the maximum DAC value (e.g.,4095), Z is
the actualDAC value, I".1is the DAC referencecurrent, and
Io is an additional current offset.
Combining equations 1 and 2, the relation between the
DAC value and the timing can be calculatedas:

f

1 :

-uram'

\Y
/.

h'st

+ ktoa

(g)

amu.

-I*1

Z
or. written in other terms:

* Io

r : _--JNZ+B

+ c.

(4)

A, B, and C are characteristicvalues of the function that
depend on the individual timing circuit. This formula can
be inverted to calculate the DAC value for a given T:

Z:

A
1/(T-C) -B

tc,

This function is implemented in the adjust program for
the timing board. The program only has to determine DAC
valuesfor a few timing values and can then calculateA, B,
and C. Thesecharacteristicvaluesare storedin the EEPROM.
The system microprocessorin the pulse generatorreads
them and calculatesthe DAC values accordingto equation
5.
The advantageof this procedure is that fewer measurements are necessarythan in the normal procedure.In addition, these measurementsdon't have to be so accurate,
becausethe function doesn'tneed exacttiming to calculate
A. B. and C.
Practical Experience
Using this procedure in production showed that it was
possible to do an accurate adiustment very quickly. The
run time for the adjust program is about 15 minutes for a
two-channel timing board.
A few problemswere encountered.One of them was that
in the highestfrequencyrange,the timing IC's characteristic is nonlinear. Therefore,in this range the algorithm to
calculatethe characteristicvalues has to be changedto get
good results.Another problem, a disadvantageof doing the
adjustment using a relatively complex function, is that if
the adjust program fails, it is impossible to correct the
values stored in the EEPROM,becausethey do not represent a single DAC value but a part of a function. For this
reason,the programhad to be designedvery carefully,using
error trappingroutinesto catchany errorthat might occur.

500-MHz Universal Pulse Timing IC
A custom bipolar integrated circuit realized using HP's
s-GHz IC processprovides all of the pulse timing capabilities necessaryfor the HP 81314 and HP 81304 pulse
generators.Fig. 9 shows its functional block diagram. It
consists mainly of a spike generator block, a timing
generatorblock,and somelogic to control the signalpaths.
The spike generatoris the first block in the signal path
startingwith the timing IC's trigger/gateinput PTG.Depending on the operatingmode (gated,triggered,or transparent)
the spike generatoreither passesthe incoming signal unchangedto its outputs or generatesshort pulsescorresponding to either the positive edge or both the positive and
negativeedgesof the incoming signal.The short pulsesare
generatedin an emitter-coupledmonostablemultivibrator
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(one-shot) and are typically around 800 ps wide.
In transparent mode the input signal is guided directly
to the timing IC's main outputs POUTand POUTBby activating the control signal LnEN.In this case the timing generator
block is disabled by LTEN.
In all other modes the timing generator operates as a
multigated VCO. Free-run mode is obtained by keeping the
PTG input active. In triggered mode the short pulses from
the spike generator are used to gate one period only, thus
operating the timing generator as a one-shot. For frequencies from 10 MHz to 500 MHz or one-shot times from 1 ns
to 100 ns, the timing generator's output PCOUTB(connected
externally to PCIN)is routed to POUTand POUta by control
signal LFTIM.The external range counter is inhibited. For
frequencies lower than 10 MHz or pulse widths larger than
100 ns, the external range counter (clocked by PCLK) is
enabled and ORs its terminal count signal via HGTE with
the gate signal. The third gate input, HBGTE,is controlled
by the terminal count signal of a burst counter (clocked by
PBCLK)and is used in the period generator only. PCOUTB
and pCLf are externally single-terminated CML outputs.
POUTand POUTBare double-terminated EECL outputs with
source termination on the chip. Fig. 10 shows an example
of multiple gating for the case of a slow four-pulse burst
with the range counter dividing by a factor of +. In reality,
the range counter divides by powers of 10.

SpikeGenerator
To meet the performance specifications of the instruments, a number of performance goals were established for
the spike generator. These included the generation of
tightly controlled 800-ps-wide pulses at repetition rates

atbIock diasram

exceeding 500 MHz with low pulse jitter, widths independent of the supply voltage, and a low residual temperature
coefficient.
Fig. 11 shows a functional block diagram of the spike
generator including a simplified schematic of the pulse
generation circuitry. With the HGLT mode control input
held low, a square wave applied to the pTG input produces
two complementary 8O0-ps-wide pulse trains at outputs D
and ct , synchronized to the positive edges of the pTG signal.
At the same time, a second complementary train of 800-pswide pulses is produced at the terminals X and y, but synchronized to the negative edges of the pTG signal. Holding
HGLThigh causes the PTG input to be passed transparently
to the D and ct outputs. In this mode, outputs at X and y
are inhibited. A pulse width control input is provided for
fine adlustment of the pulse width and to accommodate
the process spread of the on-chip components that define
the pulse width.
In the pulse generator mode, a signal applied to the pTG
input is level shifted and applied to a differential amplifier
composed of transistors Qa and Q". The amplifier outputs
are applied to a pair of emitter followers, Q. and Qp, which
drive the timing capacitor C. Referring to nodes V, through
Vn, on the negative-going edges of V, and Vr, transistors
Q" and Qp, respectively, will be turned off for a period of
time proportional to the slew rate of the voltages at nodes
V. and Vn. This cutoff period defines the pulse width, and
is determined by the value of capacitor C and the currents
I drawn by the current sources for transistors Q6 and Qo.
During the time that Qs is off, the voltage at node Vu is
high. Voltage V. is then buffered and directed to outputs
D and G1. A second buffer connected to the collector of
Trigger/Gatelnput

PTG

G

Spike Generator
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the range counter divides by 4. (ln
reality, the range counter divides
by powers of 10.)
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will be transformedinto high timing jitter by the flat ramp.
The small hysteresis together with the flat ramp slope also
leadsto very slow transitionsat the Schmitt trigger'soutput
becauseof its relatively low closed-loopgain.Fig. 15 shows
the influence of the Schmitt trigger's hysteresis on the
VCO's behaviorfor largeand small periods.To realizeboth
high speed and low jitter, the Schmitt trigger's hysteresis
has to be set accordingto the period. For periods smaller
than 10 ns this is done by controlling IHysrr and Vgy51,
togetherwith Ipe5and Ips6. For periods larger than 10 ns,
the propagationdelay becomesmore and more negligible,
and the hysteresiscan be kept constant.
When used as a delay or width generator,the timing IC
has to be operatedas a one-shotfor widths up to L00 ns
and as a VCO for widths larger than 100 ns. The width is
determined by the rising ramp only. The falling ramp
createsan inevitable dead time, which limits the retrigger
period. Becausethis leads to a limited delay and width
range for the instrument, this dead time has to be kept as
short as possible.Therefore,a variable Ip65is used to conSingle-ShotMode

trol the width and a large, fixed INs6 is used to minimize
the dead time.
The dead time is given by:
+
rdead -

c""-pvhv"t
-l_""

+tpa(1

+Ipos/INEG).

The width is defined as:
t* :

9r-du"t
I"os

(1 + INEc/lpos).
+ tod
Pe '

The period in VCO mode or the retriggertime in one-shot
mode is:
tp".:td"rd*t*.

Fig. 16 shows the principle of the delay/width operation.
and the variable lpss, the
Becauseof the large fixed IN1E6
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Fig. 16. Principle of delaY and
width generator operation.
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diode bridge has to operate with changing asymmetrical
currents over the timing range. This leads to a changing
offset voltage across the diode bridge. Without compensation of this offset voltage, the rising ramp would be clamped
by the diode bridge near or even before the upper switching
level of the Schmitt trigger, resulting in increased jitter or
even in malfunction. The offset is compensated by offsetting the Schmitt trigger's output signal by exactly the same
offset voltage, but in the opposite direction. Because the
offset voltage is a fairly complex function of diode voltage
drops at different diode forward currents, the easiest way
to generate this compensation offset voltage is to use the
same diode bridge with inverse charging currents lp6s6
and Ip"66 together with a buffer amplifier. These currents
are shown in Fig. 13.
Realization
The timing IC was realized using the HP-S bipolar process, which has an f, of s GHz. The analog blocks are
custom designs down to the component level. For the logical blocks, cells from a cell library were modified and
used. The 2.7-mm-by-3.O-mm die, together with four surface mount parts, is assembled into a custom 72-pin multilayer PCPGA (printed circuit pin-grid array) package. Fig.
17 shows the assembled package with the lid removed.
The decision to use a custom PCPGA package was driven
mainly by the need to place the timing and bypass
capacitors very close to the die. Another reason was the
possibility of designing 50C) lines for all signal inputs and
outputs and wide, low-impedance lines for ground and
power supply purposes. The die is directly mounted on a
copper slug connected to a three-fin heat sink. This keeps
the junction temperature below 105'C with 2 watts worstcase power dissipation and under worst-case environmental conditions.

Fig. 18. Layered firmware architecture.

Firmvl.are Architecture
The system architecture can be described as a layered
model consisting of four layers, the first three software and
the last hardware (see Fig. 18). The top layer contains the
human interface, which is the bridge between the outside
world and the instrument and contains the front-panel con-

Channel 1

Fig. 17. The timing lC in its PCPGA package with the lid
removed.
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Chann6l 2

Fig. 19. Block diagram of a two-channelpulse generatol

trols and the HP-IB interface. The next layer is a real-time
multitasking operating system,which performs the internal
systemcontrol. The lowest software layer contains the drivers for the hardware.
Each parameter(period, width, etc.) of the device is assigned to a driver. If a parameter has changed, the corresponding driver number will be stored into a buffer called
the driver queue. A specific task of the operating system
(the hardware task) takes this number and calls the corresponding driver routine to changethe hardware state.These
driver routines use the adjust values stored in EEPROMon
the board to calculate the correct digital values to program
the pulse parameters.
The lowest layer of the architecture is the hardware layer.
A simplified block diagramof the FIP8131A and HP 8130A
two-channelversion is shown in Fig. 19. It consistsmainly
of a timing board, one or two output boards, and the microprocessorboard. The boards are connectedby an internal
device bus. In the HP 8131A pulse generatorthere is an
EEPROMon the timing board. In the HP 81304 there are
additional EEPROMson the output boards for storing calibration constants. All calibration constants are measured
and calculated by the adjust program described earlier and
are stored into the EEPROMsautomatically. The firmware
uses these adjust values to calculate the digital values to
program the boards.
HP-lB Programming
All modes and parametersare programmable via the HPIB. The standard versions of the instruments have one channel. In the optional dual-channel version all parameters
are independently adjustable except that the period
generator,the triggerlogic, the burst counter,and the modes
are common for both channels. The HP-IB interface conforms to three standards-two external standards and one
internal HP standard. The first is IEEE 488.1, Stondard
Digitol Interface for Programmoble Instrumentotion, the
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\\.//
\ ) ( IEEE
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Represenls
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Standard
Standard
I
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Device Functions
Common Systems Funclions
Message Communicalion Funclions
Intertace (lF) Functions

Standard

| Manutacturer's
Specilications
I

Fig. 20. Relationshipsbetween IEEE 488 standards.
original HP-IB. Because each company using this standard
handled messageprotocol and data formatting in a different
manner and instruments were programmed by different
command sets for similar functions, the IEEE 488.2 standard was developed. This standard describes a set of codes,
data formats, message protocols, and common commands
to use with the IEEE 488.1 standard. The instrument interface can be divided into several functional layers, as shown
in Fig. 20. The lowest layer is the remote interface messages
layer or the IEEE 488.1 bus. This layer is the physical inter(continuedon Page 78)
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Fig. 21. fhissubsetolthe HPSystem Language ls used for HP-IB
(IEEE488)controlof the HP 8131A
and HP 8130A pulsegenerators.
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Hybrid Assembly
Customhigh-performance
integratedcircuitsoftenneedthickfilm hybrids for bonding and providingthe lC with its electrical
environment.
Forthe HP 8130Aand HP8131Apulsegenerators,
a new kind of hybrid assemblywas developed.A simple way
was found to connect a high-performancehybrid directly to a
printedcircuitboard.Two of these hybridsare used in the pulse
generators.
One is a switchedGaAsamplifierlor the HP 8131A
and the second is a slopegeneratorfollowedby a linearamplilier
tor the HP 8130A.
Specltlcatlone
The basic initialrequirementslor the hybrid assemblywere:
r Transitionlimes as short as 150 os
r Frequencyrange 1 lo 2 GHz
r Direct contact betweenthe hybrid circuit and printed circuit
boards
I Low cost
r Integratedcircuitjunctiontemperatureless than 125"Cat the
maximuminstrumentambienttemperatureof 60'C
I Easyserviceability
r High number of electricalconnections(about40).
At the beginningof the projectno hybrid assemblywas available that matchedall these requirements.For low-frequencyhybrids with a small number of connections,leadframesare the
most common solution.HighJrequencyhybrids are assembled
intoflatpacksor plug-ins,whrchare custom-designedpackages
in most cases. The hybrid is fixed in these packages and can
neverbe removedfor serviceor upgrading.To changethe hybrid,
the expensivepackage has to be removedas well.

The metalplate is necessaryfor supportingthe moldedframe,
which tends to nse a little at higher temperatures.lf the frame
were allowed to rise, secure connectionscould no longer be
guaranteed.Changing the geometryof the lrame would solve
this problem,but height limitationsdo not allowthis,so the metal
platewas added. lt accomplishes
its task quitewell.
Signalsare carriedby the elastomers
on top of the hybrid.A
ground path is provided by a second layer of elastomersfrom
the backsideof the printedcrrcuitboard to the backplaneof the
hybrid.
Forservicing,onlytwo screwson the backsideand the hybrid
frame have to be removed.The thickjilm substrateis attached
to a copper heat sink with an epoxy adhesive.In the substrate
is a smallholefor a pedestalof the heatsink.The lC is attached
directlyto the pedestal.This solutionwas chosenbecausethe
powerdissipation
of the GaAslC is about4W.Takingthealumina
subslrateand the interJacebetweenthe substrateand the cooper
heatsinkoutof thethermalpathlmprovesthethermalimpedance
betweenthe GaAslC and the heatsinkconsiderably.Thethermal
performanceis a direct resultof the excellentheat conductivity

Metal Plate

Description
The main problemin the designof the hybridwas the signal
connectionsto the printedcircuit board. Leadlramesseemedto
be the best solution,but signalperformancedegradesbecause
the 50O conductor impedancecannot be maintarned.lt is also
difficultto plug the leadframesintothe printedcircuitboard.The
solutionwas found in the elastomersofferedby severalvendors
that have multiple,separate, parallel conductorsaround their
surfaces.The elastomersare coveredwith a polyimidefilm and
copperJoil,whichis gold-plated.
The copperfoil is dividedinto
many conductorsseparatedby small gaps.
The most critical aspect of a hybrid directly assembledto a
printedcircuit board is its thicknesstolerancing.The elastomers
are able to absorb all the thicknesstolerances,which are up to
0.4 mm for the printedcircuitboardand 0.3 mm for the remaining
assembly,Unlikeall formersolutions,the elastomerscan provide
a high number of connectionsthat can also be disconnected
easily.
Fig. 1 shows the hybrid assembly.The elastomersare fixed
by a molded frame. The frame and a metal plate above it are
pressed down to the hybrid and the printed circurt board and
are fixed by four screws. The screws can be tightened firmly
withoutcracking the hybrid becausethe frame is supportedby
the printed orcuit board and not by the hybrid.
The hybrid circuit and the printed circuit board are on the
sameplane.The elastomeris presseddown by the moldedf rame
onto the surfacesof both components.One part of the elastomer
contactsthe borderareaof the printedcircuitboard and another
part contactsthe border area of the hybrid.Thus the elastomer
connectsthe two parts like a bridge betweentwo islands.

76 uewrerr-pncxnBD JouRNALAUGUST
1990

Plastic Frame
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Fig. 1. Hybrid assembly using elastomers to interconnect
the hybrid circuit and the printed circuit board.

of the cooper heat sink.
With the use of copper as a heat sink new problems and
discussionscame up about the mismatchof lhe two different
thermalexpansioncoeflicients(Table l).
Table I
Thermal Expansion Coefficients

Material

ThermalExpansionCoefficienl
/tn

6lK\

\ ' v

Copper
Epoxy
Al203

this problem.
A hole in the hybridframeand the hybridplatepermitsremoval
of some peaking bonds in the output path. The bonds can be
removedduringtestwithoutdisassemblyof the hybrid.Theopen
bonds, which are not protected by a ceramic lid on the hybrid,
are sufficientlyprotectedby the frame.
Fig. 2 showsthe top and bottom partsof the hybrid assembly
with the two hybrid circuitsit is designedto contain.

lo.c

40.0
6.0

The maximumlength diflerenceof the two attached componentsis about 0.06 mm. Mostof the resultingmechanicalstress
is taken up by the epoxy becauseof its low die shear strength.
In spiteof this mismatch,there have been no knownfailuresin
the hundreds of hybrids sold in the last two years. These assemblieshave passed four differentenvironmentaltests and a
stringentreliabilitytest.
Whilea copperheatsinkis an acceptablesolutionfor hybrids
up to the size of ours, bigger hybridswould requireanotherheat
sink material whose thermal expansion coefficient is better
matchedto the aluminasubstrate.Two possibilitiesare Kovaror
of these
composite.Disadvantages
the newcopper-moly-copper
materialsare about a fivefoldincreasein materialcost and about
a 50% decreasein thermalconductivity.
At the beginningof the projectthere were some contactproband humidSolderresidue,tingerprints,
lemswiththeelastomers.
ity led to a kind of salt corrosionbetweenthe printedcircuitboard
and the elastomer,Cleaning all the parts that may have any
contactwiththe elastomerswith propanolappearsto havesolved

Summary
A simple,economicalhybridinterconnection
solutionhas been
developed.Environmental
tests were successfullypassed, and
electricalperformanceup to 2 GHz is excellent.Many connections betweena hybrid and a printedorcuit board are possible.
Hardwaredesign is not limited by the assemblyduring layout
develooment.
Hans Jilrgen Snackers
MechanicalEngineer
BdblingenInstruments
Division

Fig.2. Hybrid assembly and hybrid circuits.

JOURNAL77
AUGUST1990 HEWLETT-PACKARD

face. It includes the mechanical connector, wiring, and
electricalsignals.The IEEE488.2standarddefinesthe middle two layers.Theseconsist of the syntax and data structures layer and the common commandsand querieslayer.
The syntax and data structureslayer defines how data is
communicated between devices. For example, it defines
the use of the ASCII characterset for data representation.
It also defines data formats for binary numbers. The final
Iayer is the device dependentmessagelayer, which each
manufacturerdefines.Thesemessages
are the devicecommands for programmingan instrument over the HP-IB.
Basedon these standards (IEEE488.1 and IEEE 488.2)
Hewlett-Packardhas created an internal standard called
the Hewlett-PackardSystemLanguage,or HP-SL.This internal standardis written asa designer'sguide for messages
to be included in HP programmableinstrumentaion.Fig.
21 shows the subsetof the HP-SL that is used to program
the HP 8131A and HP 8130A pulse generators.

78 HEwLEfi-pAcKARDJoURNALAUGUST1990

Acknowledgments
Duringthis projectwe receiveda greatdealof goodadvice and assistancefrom Tom Hornack's group in Hp
Laboratoriesand from Val Peterson'sgroup at the Microwave TechnologyDivision.
The authorswant to thank all the people involved in the
design,Iayout,production,and testof the timing IC. Special
thanks go to Bill Brown and his team at the HP SantaClara
Technology Center for their support during the design
phase.Particular thanks go to lim Gracefor his contributions to the design and to JeanDeGrenier,Kazuko Kikuta,
and ]ennifer de Nevefor taking careof the IC layout. Special
thanks also to Mike Oshima, the responsibleproduction
engineer,and to Don Riccomini, SCTCmarketing,for their
efforts to coordinateall the people involved in the design.
Thanks also to JoeGaribaldi,test engineer,and Kevin Martin, reliability engineer.Lastbut not least,particularthanks
to CraigTanner at the HP ColoradoIntegratedCircuit Division for handling the packagingand assemblyissues.
It is impossibleto mention all the people who have contributed to make this project feasible,but we would like
to take this opportunity to extend many thanks to all the
people who were involved.

PulseGenerator
A 500-MHz
OutputSection
Surfacemount,thickJilmhybrid, and galliumarsenide
technologies
contributeto theadvancedoutputcapabilities
of the HP 8131Apulsegenerator.
Wagner
by StefanG. Klein and Hans-JUrgen
FIE OUTPUT SECTIONof the HP 8131A 500-MHz
pulse generatorconsistsof the transducerboard and
the output amplifier. This section provides short
pulse widths, pulse trains up to 1 GHz derived from external sine waves, output level control, and overvoltageprotection. A thick-film hybrid circuit containing a custom
gallium arsenideintegratedcircuit is the main component
of the output amplifier,
Transducer Board
The transducerboard is the interfacebetweenthe timing
board (seearticle, page 64) and the output amplifier. All
of the componentson the board are surfacemount devices.
The transducerboard has the following functions:
I Shaping and refreshing of the input signals from the
timing board
r Normal/complementswitch
I Generationof pulse widths less than 1 ns
r Restoration of an external sine wave signal in transducer
mode.
Fig. 1 shows the functional block diagram of the transducer board. In normal mode, the signal from the timing
board goesto one input of the first NORgate.The function
of this NOBgate is to select between the signal from the
timing board (all modes except transducermode) and the
signal from the transducer (transducermode). After the

Trigger/
Transducer
Switch
External Inpul

Control

External Trigger
to Timing Board

NORgate, the signal path branches.Both of the resulting
paths contain differential amplifiers which shape the signals.
After the amplifiers, one signalpath goesdirectly to one
input of the second NORgate,while the other signal path
goesthrough a 500-ps delay line to the other input of the
second NOR gate. Normally, the direct signal path is
switched off by control signalnSeU,and the NORgateworks
asa simple inverter.Whenthe direct signalpath is switched
on, the output pulse width is 500 ps shorterthan the input
pulse width. Fig. 2 shows the principle of short pulse generation. With the short pulse generation circuit the HP
s131A is able to generatepulse widths from 1 ns down to
less than 500 ps.
After the secondNORgate,the signalpath branchesagain.
One path usesthe noninverted output of the NORgateand
the other uses the inverted output. Both paths contain differential amplifiers, which refreshthe pulsesfrom the NoR
gate. A normal/complement relay after the amplifiers
selectsbetween the noninverted path and the inverted path.
A level shifter following the relay shifts the signal to the
required output levels, and the line driver, a differential
amplifier, produces a differential signal that goes to the
output amplifier hybrid. The line driver delivers a signal
with more than 600-mV peak-to-peakamplitude and transition times less than 300 ps.

Transducer
To Second Channel

HTRAN

Pulse Input From
Timing Board

Line Driver

To Output
Amplitier
Hybrid

Control HSPU

Fig. 1. Functional block diagram of the HP 8131A transducer board.
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--+l

l+
500 ps

--+1

F500 ps

Fig. 2. Operation of the short
pulse generation circuit. The output pulse ls 500 ps shorter than
the input pulse.

Time

In transducer mode, the timing board is switched off. A
sine wave signal from the external input goes to the transducer, which consists of two cascaded differential amplifiers that are used as a preshaper.To protect the transducer
input from high voltages,a diode clamping circuit is used.
The shaped signal after the transducer goes to the second
input of the first NORgate. Thereafter, it is processed normally by the following stagesand the output amplifier.
Realization
The transducer board is built using a single-sided surface
'L24mrrr
by 113 mm. The
mount process and has a size of
board is mounted on the output board like an IC. The supply
voltages, control inputs, and outputs are connected to the
output board by means of leadframes. The RF inputs are
connected to the timing board by coaxial cables. The key
parts of the circuit are the NOR gate IC and the differential
amplifier IC, which are packaged in SOIC (small-outline
integrated circuit) housings. The 500-ps delay line can be
adjusted to compensate for printed circuit board process
variations.

OutputAmplifier
The main component of the output amplifier is a thickfilm hybrid circuit that includes the high-frequency signal
path. The hybrid consists of the cascade of a commercial
bipolar differential amplifier and a custom GaAs IC (see
Fig. 3J. The bipolar stage amplifies the input signal to get
1.5V p-p amplitude and less than 350-ps transition times.
The GaAs IC consists of three switched, direct-coupled,
differential amplifier stages. Also on the hybrid are the
input termination, the power supply decoupling, the output termination with peaking inductors, and a level shifting
network between the active devices.

The key specifications established for the output amplifier are:
r Amplitude range0.1V p-p to 5V p-p into 25 ohms
r Rise and fall times less than 200 ps
r Overshoot and ringing less than 15o/o(1O% in most settings)
r Input swing Iess than 0.6V p-p, differential
r Input transition times less than 1 ns.
Fig. 4 shows the output waveform at the maximum frequency.
GaAs Process
The only process that held promise of meeting the above
output specifications at the beginning of the project was
the RFIC GaAs process of HP's Microwave Technology Division. It is a 1-pm-gate-length, self-aligned, depletion
mode MESFET process with an f.' of 15 GHz. The parasitic
reactances of the active devices are small enough to switch
large currents with large internal swings in short times.
The semi-insulating substratereduces the parasitic capacitance between the traces and the backside electrode compared to the conducting silicon substrate used in other
processes.Transition times below 150 ps within the chip
are possible. The large gate-to-drain breakdown voltage allows a large output amplitude. Typical process parameters
for a 1000-pm FET are: pinch-off voltage Vp - -2.1V,
1 6 " ": 2 0 0 m A , g n , : 1 3 5 m S , C g " ": 2 p F , V 6 r - u * : 1 1 V .
The most important question for the design was how to
live with the GaAs anomalies in our large-signal, widebandwidth, time-domain application. GaAs anomalies are
second-order electrical phenomena that occur only with
GaAs and not with other semiconductor materials. The
most important anomaly for digital time-domain applications is the slow tail problem (see Fig. 5).
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Fig. 3. Output amplifier thickJilm
hybrid circuit. A commercral bipolar stageand a levelshifterfeed
a custom GaAs amplifier. Output
level control is a function of the
weighted output drivers.
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The slow tail problem is causedby either threshold drift
with frequency at the gatenode (called gatelag) or variation
of the output impedancewith frequencyat the drain node.
The gate lag is measured by stimulating the gate of a FET
with a square wave. The drain is biased at 5V and the
sourceis connectedto ground through a 1,f)resistance.The
swing at the gate is 3V p-p to switch the FET on and off,
and the high level is 0V. The voltage swing at the source
is small compared to Va" but shows a tail of about 7% of
the amplitude with a time constant of about 50 ps. This
tail occursmainly after the FET is switched off . The output
resistance14"of d GaAs FET decreaseswith frequency to
about 30%of the dc value and remainsconstantfor frequencies greaterthan 10 MHz.
Switched differentialamplifiers with resistiveloads,gate
stages,and cascodedsourcefollowers with cascodedcurrent sourcesare the basic circuits that help cope with the
slow tail anomaly (seeFig. 6). A gatestagepresentsa very
high output impedanceat the drain:
f6 = g-I4"Rs,

where 16 is the small-signalresistanceat the drain, g- is
the transconductanceof the FET,16"is the frequencydependent drain-to-sourceresistance,and R" is the resistanceof
the current source.This largeoutput resistancevarieswith
frequency,but comparedto the small drain load resistance

offser
Delay
Period
- Width
Overshoot
Duty Cycle

=
=
=
=
=
=

0.000 Volts
23.7520ns
1.9652ns
1.0908ns
-3.5000/"
44.490/"

Fig. 4. HP 81314 output waveform at maximum frequency.

this variation is neglible, so no tail occurs.
A switched differential amplifier only behaves linearly
during the short transition time. After the transition the
switched-onFET behaveslike a gatestage,so the drain-related slow tail behavior is the same as for the gate stage.
For low frequenciesand for signalswith duty cyclesdifferent from 50%, the gate-node-relatedpart of the slow tail
problem makes a larger input swing necessaryto ensure
that the amplifier is fully switched.
The source follower is a linear amplifier. A cascoded
device keeps the swing acrossr4" constant (first-orderapproximation) so the frequency dependenceof 16" doesn't
matter. The cascodedcurrent source has a frequency-dependent output resistancethat is large compared to the
source follower source resistance1/g-. The cascodeconnection increasesthe current source output resistance.
GaAs Amplifier
The GaAs amplifier consistsof three switched differential amplifiers with resistive loads. The stagesare directcoupled through source followers with diode-basedlevel
shifting networks. The preamplifier stage amplifies the
input signal(1.5Vp-p, 350 ps) to get 3.5V p-p with 350-ps
edges.The shaper stagespeedsup the edgesto get 3.5V
p-p with <150-ps edges.The final driver stageswitches
up to 200 mA in less than 200 ps to get 5V p-p into 25
ohms. It includes an active attenuator that provides an

Distorted Output Waveforms

Input Waveforms

ru-tu

GaAs Amplitier
with Slow Tail
Problem

J

tll

a

Fig. 5. fhe slow tail problem in
GaAs clrcults.
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Gate Stage

DifferentialAmPlitier

Note: Xl, X2, 3*X2 indicate FET widths.

amplituderangeof 0.1Vp-p to 5V p-p.
Preamplifier
Fig. 7 is a schematic diagram of the preamplifier stage.
The input FETs are biased at a small fraction of 16""so that
an input swing smaller than Vo switches the current completely. Because of the large size of the FETs and the large
resistive loads, a smaller cascoded gate stage serves as an
impedance converter to (i.J increase the output resistance
compared to the resistive loads and (2) decrease the drain
capacitance. The cascode connection of the source follower, which is done to alleviate the slow tail problem,
reduces the influence of the gate-to-drain capacitance of
the source follower on the load node so that large resistive
loads are possible for a givenbandwidth specification (>1.2
GHz). To get a small impedance at the output of the
preamplifier stage, the series resistance of the level shifting
diodes is bypassed by a capacitor.
To force the signal swing at the load resistors to be exactly
3.5V while the resistors can vary by +1.5o/o,a monitor resistor is placed close to the loads. This resistor is measured

Fig.7. Diagram of the preamplifier section of the GaAs IC.
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Source Follower

Fig. 6. Clrcultsfor coping with the
slow tail problem include gate
stages, swtche d d ifferentialampl i
f iers with resisllveloads, and cascoded source followers with cascoded current sources.

in a closed-loopsystemto determinethe necessaryswitching current. To adjust the internal differential offset, the
current sourcesof the level shifting diodes are externally
adiustable.
Shaper
The shaperstageschematicdiagram(Fig.B) is very similar to the preamplifier's.A cascodedgatestageis not needed
becausethe resistiveloads are smaller and the currentsare
larger.The sourcefollower stageand the level shift current
are largerbecausethe input capacitanceof the driver stage
isalarge2pF.
Line Driver
The line driver stageis the direct interface to the customer's load, which is nominally 50O. The driver stage
determinesthe output level, rise time, fall time, overshoot,
and preshoot.For a nominal customerload the amplitude
is programmablebetween 0.1V and 5V within a -t-5V voltagewindow. For loads different from the nominal, the out-

F19.8, Diagramof the shaper sectionof the GaAs lC

t"=l
41.""or 0

,"' ,,."
lr=..j,

|

Fig. 9. An example of the DAC approach to attenuatordesign.

put must be protected becausereflections can cause the
output voltageto exceedthe nominal value. Protection is
also necessaryfor customerloads that are connectedto an
external voltage.
Attenuator. To build an attenuator that has a resolution of
10 mV with fully switched differential amplifiers, two alternative topologies are possible:the DAC approach and
the one-stageapproach.
Fig. 9 shows the DAC approach, Binary-weighted amplifiers switch currents I"r", 2I""", and so on. Each cument
source can be switched on and off independently, so any
Iinear combination of currents is possible. For zero
amplitude all currents equal zero. If the maximum output

Fig. 10. The output line driver design is a combinationof the
DAC and one-stage approaches. /t conslsts of two weighted
(7:1) differential pairs that provide two amplitude ranges.
Within each range the amplitude is controlled by program'
ming the switched currents. A cascoded gate stage provides
overvoltageprotection.

amplitude is 5V, then for a minimum output amplitude of
100 mV (linear combination of currents equal to l^in),2o/"
of the total FET size carries current and 98% carries no
current. Because the differential pairs are in parallel at the
gate and the drain nodes, a large preshoot occurs for small
amplitudes because the switching differential voltage has
to charge the gate-to-drain capacitance of 100% of the FET
size, causing extremly large preshoot currents compared
to the signal current I-,..
In the one-stage approach, the differential input voltage
of a differential pair switches the entire current. The output
amplitude is programmed by varying the magnitude of the
current source. With a constant input voltage swing, the
overdrive of the differential pair increases with decreasing
current. The overdrive, coupled with the gate-to-source
capacitance and the common source node capacitance,
causes overshoot. This overshoot gets dramatically worse
at small amplitudes. To maintain constant overdrive, the
input drive should be reduced for reduced currents. However, the switching FETs are scaled to drive the largest
cunent. For small amplitudes, the FETs are biased very
close to pinch-off and have a small, very flat transconductance. This makes larger overdrive necessary to ensure that
the rise time is short enough. The large overdrive and the
large parasitic capacitance resulting from the the large FET
size cause unacceptable pulse performance.
The solution for this amplifier was a mixed structure
(see Fig. 10). Two weighted differential pairs (weight
ratio : 7:7) give two amplitude ranges. For the large
amplitude range, both pairs switch current, and for the
small range the current of the large pair is zero. Within
each range the output amplitude is determined by controlling the switched current. Additionally, the shaper and
preamplifier swings are adjusted with the amplitude current.
High-Level Control. The high level of the output signal is
controlled by varying the common-node voltage of the internal 50f) resistors. The supply voltages of the GaAs IC
float with the high level for all positive high levels.
The gate stage cascoded with
Overvoltage Protection.
the switching FETs of the driver stage gives two benefits.
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Both external mismatch and external voltages can cause
excessivevoltage at the drain. For transient overvoltages,
+10V is allowed. For periodic and static overvoltages,a
peak detector circuit disables the output and internally
terminatesthe signal. The detector works up to 100 MHz
for squarewave signals.

Fig. 11. Output load configurationon the hybrid circuit.
The reduced swing at the source node decreasesbandwidth
limitations at the gate node of the switching pair imposed
by the gate-to-drain capacitance. The gate stagealso reduces
the V6" swing at the switching FETs.

Overshoot Adjustment
Within each amplitude range,overshootis adjusted by
controlling the voltage swings at the preamplifier and the
shaper. For signals with duty cycles different from 50%,
the slow tail problem makesa larger internal swing necessary to ensure that the differential amplifier is fully
switched. This causesmore overshootafter the transition
into the "preferred level" (for duty cycles Iess than 50%
the preferredlevel is the low level and vice versa).Instead
of increasingthe voltage swing to overcomethe slow tail
problem, the differential offset at the shaper stageoutput
is adjustedwith frequency.A low-passfilter measuresthe
dc component of the signal, and this information is used
to adjust the level shifter current sourcesaccordingly.
A passiveovershootadjustment is implemented on the
hybrid as shown in Fig. 11. Becauseit dissipates2W, the
area of the 50O load resistor is larger than the area of the
GaAschip, so this resistorhas a largeparasiticcapacitance.
The adjustableinductance L* in serieswith the 50O load
resistor causesthe output impedanceto increaseat higher
frequencies.This compensatesfor the effectof the parasitic
capacitanceof the load resistor.L* is printed and can be
adjustedby removingbond wires that shortthe inductance.
A 50O damping resistorin parallel with L* eliminatesringing causedby the resonanceof L* and the parasiticcapacitance.
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A 300-MHz,variable-Transition-Ti
me pulse
GeneratorOutputSection
Thedesignincludesseparatefastand s/ows/ope
generatorsand customGaAsand bipolar/Cs.
by PeterSchinzel,Volker Eberle,and GtinterSteinbach
HE OUTPUT SYSTEM of the HP 8130A 300-MHz,
variable-transition-timepulse generatorconsistsof
I
I
the slope generatorand the output amplifier. The
programmablerise and fall times areproducedby the slope
generator,which usesa custom GaAsIC for the fast slopes.
The output amplifier is a custom linear bipolar IC.
T

Slope Generator
A simplified block diagram of the slope generatoris
shown in Fig. 1. The four basicblocks are the input buffer,
the fast slope generatorand slow slope interface,the slow
slope generator,and the level shifter and impedanceconverter. The purpose of the slope generatoris to generatea
signal that combines stable amplitude with variable rise
and fall times.
The incoming signal from the timing board is singleended and hasEECLlevels.The output signalhas programmable rise and fall times from 600 ps to 100 trrs.The output
amplitude is adjustablefrom 1.5V to 1.8V.
In the input buffer the signal is split into a slow slope
signal path (transition times from S ns to 100 ps) and a fast
slope signal path. The split was necessaryto achievevery
fast slopes(below 1 nsJand high-precisionslopesfor transition times less than 50 ns at the same time. The major
goalsfor the slow slopegeneratorwere high transition-time
accuracy and high linearity. The major goals for the fast
slope generator were fast transition times and a high
maximum transfer frequency.
Input Buffer
The input buffer is built with standard components on
a printed circuit board using surface mount technology.
This technology was chosen to minimize the parasitics
(stray capacitancesand seriesinductances)on the printed
circuit board. The input signal has transition times less
than 600 ps and a voltageswing of 600 mV. The output to
the fast slope generatorhas a voltage swing of 1.6V and
transition times less than 650 ps. The edgesof the slow
slopeoutput areabout 1 ns and the output swing is 600mV.
Slow Slope Generation
The design goals for the slow slope generatorwere:
r Total range 5 ns to 100 ps
I Leadingand trailing edgesindependentlyprogrammable
r Edge ratio 20:1 within one range
r Nonlinearity of slopes less than 2lo Ior slopes greater
than 50 ns and lessthan So/ofor slopesbetween5 ns and
50 ns

I

Slope accuracy better than S%.
Usually, slopes are generated by charging a capacitor
with a constant current (see Fig. 2). The charging current
Iruu corresponds to the leading edge of a pulse and the
discharging current I1u6 corresponds to the trailing edge,
To limit the voltage on the ramp capacitor C", a diode
bridge is used in front of the capacitor. This bridge serves
as a switch controlled by the input step, and is in balance
when the voltage V. at the capacitor has reached the input
level. The signal source must have low output impedance
to avoid exponential transitions like an RC network's. so
an emitter-follower output is used.
Elimination of Offset
In the HP S130A, to avoid accuracy errors caused by
leakage and/or base currents, the ramp is decoupled by an
impedance converter with very high input impedance and
low output impedance and then fed to a differential
amplifier with current feedback (see Fig. 3J. The feedback
in this stage is large enough to allow linear operation without degradation of the slopes. The other input of the dif_
ferential amplifier is held at dc. Thus, the single-ended
input voltage is converted to differential output currents.
The currents I6s and l.pss are varied to achieve continu_
ous variation of the leading and trailing edges,respectively.
The levels at the ramp node also vary because of the series
resistance of the diodes. This can be seen directly at the

Leading Edge
Trailing Edge

TrailingEdge
LeadingEdge
Fig. 1. Simplitied block diagram of the slope generatar of
the HP 8130A pulsegenerator.
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Fig. 2. Easics/ows/opegenerator.
output nodes oUTl and OUTzas an error in the output
signal.To avoid this effect,the other input of the differentiit amplifier is also connected to a diode bridge' This
secondbridge is controlled by currents equal to Iss6 and
It*r. Slight mismatchesof the diode bridgescanbe adjusted
,rery a""urat"ly. The remaining common-mode offset at the
amplifier's inputs cannot be seen at its outputs.
Minimum Transition Time
The time during which the ramp capacitor C" is charged
by a current I to some voltage V is given by:
t : C.V/I
All three parameters C", V, and I contribute to the quality
of the ramp.
The ramp can never be faster than the original input
signal becausethe bridge will immediately balance and
the voltage at the ramp node will follow the input signal'
The speedof the controlling edgeis given by the slew rate
of the previous circuitry, so the absolute minimum input
transition time is achieved at the lowest value of V' On the

other hand, a low voltage swing at the ramp node calls for
large gain in the following amplifiers, which decreasesthe
bandwidth. Also, the diodes of the bridge have seriesresistance, and whenever the bridge balances,some rounding
of the edgesoccurs, degradingperformance'The amount
of this rounding is constantfor a given R" and I, and therefore is relativelysmallerfor largerV. In view of theseeffects,
the selectionof an optimum value of V involves a trade-off
between speedand linearitY.
As can be seen from the equation above,the minimum
transition time occurs for the maximum chargingcurrent.
The limitation here is also given by the voltagedrop across
the diodes' seriesresistance(and, of course,by the current
capability of the associateddevices).The diode bridge is
chosen for an adequatecompromise between minimum
series resistance and minimum capacitance C" (see
"CapacitiveStep" below) at reasonablecost.A GaAsbridge
would have met the technical requirementsbut was found
too expensive.Therefore,an HP Schottky quad packaged
as a surfacemount device was selected.
The values selectedfor the ramp parametersare C. : 30
pF, V = 2.4V, and | : 12.5mA, giving a rise time of:
mA) : 4'6 ns
t" : 0.8(30pF)(2'aV)(11'2.5
The factor 0.8 accountsfor the measurementof transition
times between the 10% and 90% amplitude levels'
For a given V and I, the minimum transition time is
achieved if the capacitanceis as small as possible.The
total capacitanceis the sum of the lumped capacitanceand
severalparasitics.Since the parasiticsare processdependent and temperaturesensitive, they need to be kept as
low as possible. To keep all parasitic reactances(series
inductancesas well as parallel stray capacitances)Iow, the
slow slope generatoris implemented using surfacemount
technology.
The complete slope rangeof 5 ns to 100 trtsis achieved
by adding additional capacitors.Each range is a factor of
10 higher than the previous one,so the additional capacitor
is nine times larger.An edgeratio of 20:1within one range

l'*'

v
I

vrz

lr*e
I

Fig. 3. S/ow s/ope generator of the HP 81304 pulse generator
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50 ns

100 ns

500 ns

1 ps

5 ps

10 rrs

50 rrs

Fig. 4. S/ows/ope ranges and the
corresponding ramp capacitances.

can be achieved by setting the charging currents to a ratio
of 20:1.This leadsto an overlap of the rangeswith a factor
of two (Fig. +).
The additional capacitors are switched into the circuit
by transistors. However, when the transistor switches are
off, they add severalpicofaradsof parasitic capacitanceto
C". To keep the parasitic part of the total C" as low as
possible, the switches are connected at a less sensitive
node, that is, at the diode bridge on the opposite side of
the differential amplifier (Fig. 3). This works becausethe
secondslope range-50 ns to 1 ps-calls for a 300-pFramp
capacitor, Iarge enough that the parasitic capacitance is a
small percentageof the total capacitanceand does no harm
to the accuracy and drift performance. This is also true for
the higher ranges.Thus, for slopesfrom 5 ns to 100 ns, the
pulse input signal is applied to the slope generatorat its
"fast input" lN1,keeping the "slow input" lN2,at dc. For
slopes between 50 ns and 100 ps, the pulse input signal
is applied to the slow input, keeping the fast input at dc.
The range switching is done at the slow input.

amplifier. The gallium arsenide process is the same as the
one used for the output amplifier of the HP 81314 pulse
generator(seearticle, page 79).
The design goals for the fast slopes were:
r Programmabletransition times from 600 ps to 10 ns for
pulse widths greater than 1.5 ns. Leading and trailing
edgesindependently programmable for transition times
longer than 2 ns.
r Nonlinearity less than 5%.
r Differential output swing adjustable between 1.5V and
1.8V.

Capacitive Step
In practice, between the input and the output of the
bridge there is some parasitic capacitance because of the
capacitanceof the bridge diodes and the stray capacitance
of the board. Thus, the input pulse step is also visible at
the ramp node with magnitude:

v.: :!;v,-.
'tt'
C" + C"
TypicalvaluesareC": 3 pF,C" = 30pF,andV. : 0.1Vi..
This is a huge error and cannot be tolerated.C" has already been minimized, and C. cannotbe increasedwithout
degradingthe fast transition times. The only solution is to
compensatefor this effect. This is done by coupling the
complement of the input signal through a capacitorof the
samevalue as C" directly to the ramp node (seeFig. 5).
Fast Slope Generation
The fast slopes are generatedby a custom GaAs IC. On
this chip are two switched, direct-coupled differential
amplifiers, a diode bridge, two sensediodes, two diodes
that feedin the slow slopesignal,and output sourcefollowers (seeFig. 6). The IC is mounted on a thick-film hybrid
which also contains the level shifter and the output
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Fig. 6. B/ock diagram of the fast
slope generator,a custom gallium
arsenide lC.

to Offsel andAmplitude
Compensation
Circuit
r Transition time accuracy 100 ps t5%.
Input Amplifier. The first stage of the GaAs IC is a shaping
preamplifier. The input signal has a voltage swing of 1.6V
and transition times less than 650 ps. The outgoing signal
has a 3.5V voltage swing and edges less than 400 ps. The
schematic diagram is the same as for the preamplifier of
the HP 81314 GaAs IC (see article, page 79). Because of
the smaller maximum frequency of the HP 8130A, the resistor loads are larger and the FETs are biased with a smaller
fraction of Ia"". This makes it possible to decrease the transition times and increase the amplitude in one stage.
Driver. The driver consists of two switched differential
amplifiers in parallel (Fig. 7). One switches three times as
much current as the other. The driver switches the sum of
the load currents of the fast slope generator in less than
300 ps. The current, which determines the transition times,
varies over a 20:1 range. For slopes below 2 ns, both differential amplifiers operate. For transition times from 2 ns to
10 ns, only the small amplifier operates. Slower transition
times are generated by the slow slope generator on the
printed circuit board and both amplifiers are turned off.
The differential amplifiers are scaled 3:1 to reduce the parasitics of the current switch for low currents to achieve
better performance for slopes from 2 ns to 10 ns.
Theory of Slope Generation. Fig. B shows how the slopes
are controlled. The currents I, and I, determine the leading
and trailing edges independently. I5gy is the sum of Ir and
Ir. At time tr, transistor Q, turns on and Q, turns off. The
constant current that discharges C, is determined by:

V6p, is the forward voltage across CRr. At time t., transistor
Q, turns off and Q, turns on. I5gy then flows through Q,
and the current that recharges C, from t. to tn is:
I(C1)[t3,tn]: Ir.
At tn, diode CR, starts to conduct and prevents OUT/from
rising above
V(oUT4[>t4] : Vcr*

* Vcnr.

The voltage levels at OUT are determined in a similar manner:
I(Cr)[t1,tr] - 11
V(OUT)[tr,t3]:Vcr*

* Vcnn

I(Cr)[t3,t4] - - 12
V(OUT)[>ta] :Vcr

- Vc*r.

-L_r
lN/

I ( C l ) [ t l , t r ]: I z - I s u v
-

-I1.

This provides the slopes of Oul from t, to tr, the time
when the voltage at OUT/has dropped to the clamping level
V(OUT4[tr]. At tr, diode CR, starts to conduct and keeps
OUT/ from falling any farther. The voltage relationship is:

V(OUr4[tr,t3]: Vcr-, - Vc*r.
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t",1i4 t3'-

3/4 ts,n

Fig, 7. Schematic diagram of the slope generator dnver on
the GaAs lC.

As mentioned above. the rise and fall times are determined independentlyby It and Ir. The disadvantageof this
circuit is that the amplitude and the differential offset at
the outputs are functions of the voltages acrossthe clamping diodes. This means that these parametersare functions
of Ir, Ir, and temperature.To compensatefor this, two sense
diodes CR1,and CR1,are integrated on the IC. CRrl carries
the current I, and C\, carries Ir. The voltages V61- and
Vs1* are then:
+V(C&l)

Vct-:V1

Vcr+:V2-V(C&z)
V*pl:

Yr-Yt'

where V, determinesthe high level of oUT or oUT/and Vt
determinesthe low level. V, is a fixed voltage.V, is adjust-

vc.-

cR2 \,A

-r

T

cR4

-f-

-2

VV

01

Q2

Drlver

Fig.8. Circuit and waveformsfor fast slope generation

able to vary the output amplitude V*n1 between 1.5V and
1.8V.This makesthe output amplitude independentof the
forward voltagesof the clamping diodes. The only disadvantage of this circuit is that the differential offset of the
output voltagesis a function of the ratio of I, and Ir. The
offset is zero only if I, equals I, (rise time equals fall time).
The offset Vo1i"is equal to:
Voff": V(C&r) - V(C&r).
This offset must be canceled becausethe linear output
amplifier, which is driven by the slope generator,is extremely sensitive to overdrive, especially for slopes beis fed into
tween 1.5 ns and 5 ns. To cancelthe offset,Vo11"
the level shifter as an additional control signal.This causes
the differential offset between the shifted voltages at OUT
and out/ to be zero.Assuming ideal matchingof all diodes,
the output signal is now independentof the cunents Ir, 12,
and temperature.
Slow Slope lnterface
The slow slope interfaceof the fast slope generatorconnects the slow slope signal path with the fast slope signal
path. The main problem in the design of the interface was
to avoid degradingthe fast slopeswhen the fast slope signal
path is turned on. The problem was solved by using small
Schottky diodes, integrated on the slope IC itself, to
minimize parasitics.
If the fast slope path is operating,the diodes are reversebiased. When the slow slope signal is being fed into the
IC, the driver of the fast slope generator is turned off. The
load currentsI, and I, of the fast slope generatorare equal
(typically 3 mA) and forward-biasthe interfacediodes.The
slow slopes are fed in by the forward-biased Schottky
diodes.
Level Shifter and lmpedance Converter
Because the output amplifier floats with the programmable output offset, a level shifter with a variable shift
voltage is necessary.The input current of the level shifter
has to be as small as possible,becauseevery input current
causesan error in the transition times. The output impedance has to be less than 50O.
The impedanceconverteris realized by a FET on the IC
itself to reduce parasiticsand minimize cost. The FET is
used as a sourcefollower.
This solution has two disadvantages.
First, V"" is a function of temperature,which means that the output level is
a function of temperature.Second,the slope nonlinearity
tends to increasedramatically becauseof the droop of the
sourcefollower. It was absolutelynecessaryto avoid these
disadvantages,especially the second.
The design goals for the level shifter and impedance
converterwere:
r Shift voltage 5V to 10V
r Distortion less than 0.5% for rise times greaterthan 50
ns and lessthan 1.5% for rise times between 500 ps and
50 ns
r Minimum transition times less than 300 ps.
Fig. I is a schematic diagram of the level shifter and
impedance converter.As already mentioned, at the input

.-tOuRr'tel
89
AUGUSTIggoHEWLETT-PACKAFo

of the level shifter is a FET used as a sourcefollower. To
achievestableoperation (independentof the shift voltage)
most of the source current (about 40 mA) flows through
the on-chip current source.To get a variable shift voltage
the current through R, is adjustablebetween6 mA and 11
mA. The shift voltage is:
Vshirt :V(Rr) + Vo"(Qr)
: I"hiitRa'
This means that V"6x1 depends only on the accuracy of
I"6111,
Ra, and Ut. The voltage drop across R, and R, is
negligible. U1 is a high-precision, high-speed operational
amplifier. It forces a differential input voltage of zero volts
at its inputs by controlling the current source I1y, that is,
by controllinB V(Rz). For high frequencies, the voltage gain
G"p of the level shifter is determined by the source follower
(Gur <1). To avoid distortion, the level shifter gain must
not vary with frequency. Therefore, the input signal is attenuated by the resistive divider consisting of Rr, R., Ryr,

Rry,and R.7 before it goes to the operational amplifier. This
keeps U1 from forcing (by varying Ir,r) the output swing
to equal the input swing for low frequencies. This also
means that although the low-frequency source follower
gain varies with frequency (this effect is known as droop),
U1 forces (by varying I1y) the level shifter gain to remain
GHF. With R,rr, the gain forced by U1 at low frequencies is
adjusted to be equal to the high-frequency gain Gt o of the
FET.
To reduce distortions at the frequency where U1 starts
to work, C,r., is adjusted according to:
(R1 + R3)C1ou,: Ra(Czou.+ Cvr)
Rv, ))

R1 + R3.

This means that both input time constants of the operational amplifier are equal. Crou" and Crou. are parasitic
capacitances of the printed circuit, U1, the hybrid, and the
current source. Because the sum of R, and Rr is larger than
Rr, the additional capacitance Cy, is necessary at the nega-

GaAslC

a,

._

*",

L__

a*.--o

Fig. 9. Level shifterand impedance converter circuit.
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tive input of Ut (or U1l) to equalize the time constants.
C, reduces the dynamic output resistance at high frequencies. This is necessary to feed the following linear
amplifier with high-frequency signals. R, and Rr, are
needed for decoupling the signal paths at high frequencies
and to avoid parasitic oscillations. Because R, (R.7) is on
the IC and varies with temperature, an additional resistor
R, (R.7),ten times larger, is added to make G11pmore stable.
In the fast slope mode, the currents I"611 and I"6i1y are
slightly different to compensate for the input offset of the
fast slope generator. The difference is adjusted so that
Voff":Vshift-VshifU'

Variable-GainLinear Output Amplifier
The output amplifier of a pulse generatorneedsgood dc
linearity and high speedover a wide rangeof gain settings,
and must handle high output currents and voltages.The
linear amplifier in the HP 8130A directly generatesthe
signals that appear at the instrument's output terminals,
so it determinesmany of the instrument's specifications.
Design goals that were of particular concern during the
developmentof the amplifier were:
I Output amplitude o.rV p-p to 5V p-p in a -r 5V window
I Minimum output rise time 900 ps
r Output high/low level drift with temperatureless than
2% of amplitude
r Output transition nonlinearity less than 3%.
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Fig. 10. Diagram of the output stage with bipolar linear amplifier lC, common-gate GaAs
MESFETlC. and postattenuator.
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Current Handling at Speed
The output pulses must be delivered into a 50,f)external
load in parallel with a 50.f)termination in the instrument.
This meansthat the amplifier must deliver output current
swings up to 200 mA. Offsets up to 5V can be generated
by adding a dc current at the amplifier output, so the IC
need"only" handlethe pulse part of the instrumentoutput.
As in earlier HP pulse generators,the HP 8130A'soutput
amplifier is configured as a ttansconductance amplifier,
turning an input voltagepulse into an output current.This
linear amplifier was designedin HP'smature S-GHzbipolar
IC technologyto minimize the risk of unpleasantsurprises
with current handling and speedrequirements.
Device Breakdown Voltage
Modern fast bipolar technologieshave fairly low breakdown voltages,and in the caseof the linear amplifier the
collector-to-emitterbreakdownvoltagespecificationof 6V
was the most critical. Obviously, this clasheswith a 10V
output voltagerange.Floating the whole chip, along with
all its supplies and bias voltages,with the output offset
reduces the V." requirement to about 6V, equal to the
maximum output pulse amplitude plus 1V for V6" and a
minimal safetymargin. However, nothing prevents the user
from letting the instrument output run open so that the
amplifier seesa 50O load insteadof the specified25O,thus
doubling the output swing.
Two more measureshad to be combined with the floating
supplies to relieve this problem. A GaAs common-gate
stageat the output with a drain-to-source breakdown voltage of 10V has ample margin to handle normal operating
conditions,and a peak detectoropensa disablerelay when
the output amplitude exceedsabout 7V p-p, taking careof
the open-output case.
Amplitude Range, Linearity, and Stability
The linear amplifier is configured as an emitter-degenerated differential pair with a two-quadrant analogmultiplier
cell on top (seeFig. 10). The differential pair Qr, Q, acts
as a precise, linear voltage-to-current converter. The multiplier cell a", Qr, Q", Q, takescareof the output amplitude
adjustment since any current fed into its control port V is
subtracted from the differential pair's collector currents on
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their way to the output pads OUTand OUl.
Unfortunately, when driven with tail currents switched
all the way from side to side,thesemultiplier cells are only
linear and dynamically well-behaved over a gain range of
about 1 to 1/3 (a gain of 1 meansthat all the differential-pair
current goesto the output pads). This is a far cry from the
gain range specificationof 50:1.
The solution to the gain range problem is to use three
binary-weighted amplifier/multiplier combinations in parallel (only one is shown in Fig. 10), eachrunning at a gain
of either 0 (off) or 1/3 to 1 (on). Their currentsarc 417,217,
and. 1.17of the 200-mA total. All three together cover
amplitudes of 5V to 5V/3 : 1.667V.Switching the largest
one off results in amplitudes from 5V x 317: 2.86V to
5V x 717: o.71.Y,and the smallestone alone covers5V/7
-- O.77Vto 5Y127 : o.24Y.Finally, an externalattenuator
takes care of the reduction down to the minimum
amplitude of 0.1V.
An amplifier/multiplier stageis switched off by sourcing
enough current into its multiplier control input to force its
gain to 0. Obviously, at that gain, linearity is not a concern
anymore.AII stagesthat are on, that is, have a gain greater
than zero, are run at the same gain to avoid settling
anomalies.
Correction is required to meet the drift specification of
12o/oovet a 50'C temperaturerange.In the linear amplifier,
the temperature coefficient of the base current error is reduced by a feedback loop that uses the external op amp
U1 as well as two on-chip dummy transistorsQr and Q.
running at the same current densities as the amplifier and
multiplier transistors,respectively.
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