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Abstract, R1 is a program. that configures VAX-11/780 computer systems. Given a customer's

order, it determines what,if any, modifications have to be madeto the order for reasons of system

functionality and produces a numberof diagrams showing how the various components on the order

are to be associated. The program is currently being used on a reqular basis by Digital Equipment

Corporation’s manufacturing organization. R1 is implemented as a production system. It has

sufficient knowledge of the configuration domain and of the peculiarities of the various configuration

constraints that at each step in the configuration process, it simply recognizes what to do.

Consequently,little search is required in order forit to configure a computer system. er )

APPROVED FOR PUELIC RELEASE
DISTRIBUTION UNLIMITED

The development of R1 was supported by Digital Equipment Corporation. The research that led to the
development of OPS4, the language in which R1 is written, was sponsored by the Defense Advanced Research
Projects Agency (DOD), ARPA Order No. 3597, and monitored by the Air Force Avionics Laboratory under
Contract F33615-78-C-1151. The views and conclusions contained in this document are those of the author and
should not be interpreted as representing the official policies, either expressed or implied, of Digital Equipment
Corporation, the Defense Advanced Research Projects Agency, or the U.S. Government. VAX, PDP-11, UNIBUS,
and MASSBUSare trademarks of Digital Equipment Corporation.
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INTRODUCTION

R1' is a rule-based system that has much in commonwith other domain-specific systems that have

been developed over the past several years [Amarel 77, Waterman 78]. It differs from these systems

primarily in its use of Match rather than Generate-and-test as its central problem solving method;

rather than exploring several hypotheses until an acceptable oneis found,it exploits its knowledge of

its task domain to generate a single acceptable solution. R1's particular area of expertise is the

configuring of Digital Equipment Corporation's VAX-11/780 systems. Its input is a customer's order

and its output is a set of diagramsdisplaying the spatial relationships among the components on the

order; these diagrams are used by the technician who physically assembles the system.” Two
inter-dependentactivities must be performed in configuring a VAX system.

e The customer's order must be determined to be complete; if it is not, whatever
componentsare missing must be added to the order.

e The spatial relationships amongall of the components (including those that are added)
must be determined.

The criterion of success for whether a configuration is complete does not reside in any simple test,

but involves instead particular knowledge aboutall the individual components andtheir relationships.

The criterion of successful spatial arrangement is more compact(reflecting the uniform character of

geometric structure), but it too involves particular knowledge on a component by component basis.

Thus, the task accomplishmentis defined by a large set of constraints embodying a large amount of

knowledge.

Although a significant portion of this paper is devoted to a description of precisely how R1 goes

about doing the configuration task, | have tried to avoid letting the details of R1's inner workings

overshadow the domain independent lessons that have emerged from this research. There are two

important lessons:

Recognition knowledge can be used to drive an expert system's behavior, provided thatit
is possible to determinelocally (ie. at each step) whether taking some particularactionis
consistent with acceptable performance on the task.

« When an expert system is implemented as a production system, the job of refining and
extending the system's knowledgeis quite easy.

The paperis divided into three sections. Thefirst section describes the VAX-11/780 configuration
 

task and characterizesits difficulty. The second section describes R1 and discussesits evolution

Veour years ago | couldn't even say "knowledge engineer", now |...

2p 1's outpul for a sample order is shown in Appendix 2,
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from a system with only the mostlimited capabilities to what might fairly be called, a true expert. Tha

third section describes R1’s currentlevel of expertise and isolates the design decisions that made the

building of R1 straightforward.

1. THE TASK

The VAX-11/780 is the first implementation of Digital Equipment Corporation's VAX-11

architecture. {tis similar in many respects to the PDP-11, though its virtual address spaceis 232
rather than 2'®, The VAX-11/780 uses a high speed synchronousbus, called the sbi (synchronous

backplane interconnect), as its primary interconnect. The central processor, one or two memory

control units, one to four massbus interfaces, and one to four unibus interfaces can be connected to

the sbi. The massbuses and particularly the unibuseés can support a wide variety of peripheral

devices. Because the number of system variations is so large, the VAX configuration task is

non-trivial.

1.1. THE SIZE OF THE TASK

A configurer must have two sorts of knowledge. First, he must have information about each of the

components that a customer might order. For each component, the configurer must know the

properties that are relevant to system configuration -- eg, its voltage, its frequency, how many devices

it can support (if it is a controller), how many ports it has; | will call this knowledge component

information. Second, he must have rules that enable him to associate components to form partial

configurations and to associate partial configurations to form a functionally acceptable system

configuration. These rules must indicate what components can (or must) be associated and what

constraints must be satisfied in order for these associations to be acceptable; | will call this

knowledge constraint knowledge.

The difficulty of the VAX configuration task is a function of the amount of componentinformation

and the amountof constraint knowledge required to perform the task. It is fairly easy to estimate the

amount of componentinformation that is needed. On the average, a configurer must know eight

properties of a componentin order to be able to configure it appropriately. Currently about 420

components are supported for the VAX.? Thusthere are over 3300 pieces of componentinformation

that a VAX configurer must have access to.

Before R1 was developed, it would have been difficult to estimate accurately the amount of

constraint knowledge required for the configuration task. Much of the required knowledge was not

Soy the 420 components, about 180 are actually bundles composed of various subsets of the remaining 240
components,
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written down anywhere and thus the only source of estimates would have been individual human

experts. But the experts find the task of quantifying their constraint knowledge foreign. As | extracted

this knowledge from them,it becameclearthat their knowledge takes two forms: (1) The experts have

a sparse but highly reliable picture of their task domain. When asked to describe the configuration

task, they do so in terms of the subtasks involved and the various temporal relationships among these

subtasks. (2) They also have a considerable amount of very detailed knowledge that indicates the

features that particular partial configurations and unconfigured components must havein order for

the partial configurations to be extended in particular ways. Both sorts of knowledge are easily

expressable as rules. | extracted 480 rules. Of these, 96 define situations in which some subtask

should beinitiated. The other 384 rules define situations in which somepartial configuration should

be extended in some way.

1.2. THE CONSTRAINTS

This subsection provides two examples of specific subtasks that can arise within the configuration

task and indicates for each (1) the constraint knowledge involved, (2) the informational demands

imposed by that constraint knowledge, and (3) the extent to which the subtask presupposes other

subtasks. The first subtask is to place unibus modules into backplanes; the second is to assign

massbus devices to massbuses.

Example: Placing unibus modules in backplanes. Whenever more than one unibusoption is

ordered for a VAX, itis necessary to place the modules on the unibus in an acceptable sequence. Itis

straightforward to determine the optimal sequence for the modules; the modules are sorted on the

basis oj their interrupt priority and within that on the basis of their transfer rate. Before a module can

be placed on the unibus,it is necessary to select a backplane. Several constraints come into play.

Backplanes comein twosizes (4-slot and 9-slot) and can have any of several pinning types. The

backplane selected must beofthe pinning type required by the unibus module. To determine the size

of the backplaneto be selected, it is necessary, first, to determine whetherthe size is constrained by

the box that the backplane will be placed in. A box can accommodatefive 4-slot backplanes. In most

cases a 9-slot backpane may beusedin place of two 4-slot backplanes; the exceptionis that a 9-slot

backplane may not occupythe spacereserved for the second andthird 4-slot backplanes,* Assuming

that either a 4-slot or a 9-slot backplane would be acceptable, the next constraint to comeinto playis

that a 9-slot backplane should not be selected unless the next N modulesin the optimal sequenceall

require a backplane of the same type andwill not all fit in a 4-slot backplane. Once a backplaneis

“The box that contains unibus modules has two +5 voli regulators. Cne of these regulators supplies power to
the first two 4-slot backplanes (or to the first 9-slet backplane); the second supplies power to the other
backplanes. Allof the modules ina backplane must draw power from the same requlator.
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