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ABSTRACT

R1 i a progrom thaf configures VAX- 11780 compuler systems. (Given a customer’s vrdey, it deterniines
what, if any, modifications huve 1o be made to the order for reasens of system functionatity and produces a
wmber of diggrams showing how the parious components on the arer are 10 be ass veiated. The program
is crently being used on a regulur basis by Digital Equipment Corparation’s manufacturing
arganization, R1 is implemented as a prodtction sysem. Ji uses Mateh as its principud problem solving
methody i has sufficient knowlesdge of the configuration domat and of the peealiarities of the vanous
configuration constraints that at each step in e configuraiion provess, i simply revagnizes what i de,
Consequently, Hifle search Is required in order for it 1o configure & compuier sysiem.

1. Intreduciion

R1'is a rule-based system that has much in common with other domain-specific
systems that have heen developed over the past several years [1, 13]. 1t differs
from these systems primarily in its use of Maich rather than Generate-and-test
as its central problem solving method: rather than exploring several hypotheses
until an acceptable one is found, it exploits its knowledge of its task domain to
generate a single acceptable solution. R1%s particular area of experlise is the

“The development of RY was supported hy Digital Equipment Corporation. The research that
led 10 the development of OPS4, the language in which R1 is wntien, was sponsored by the
Defense Advanced Rescarch Projecis Agency (DOD), ARPA Order No. 3597, and monitored by
the Ajr Foree Avionics Laboratory under Contract F3361378-C-1151, The views and comchusions
contzined in this document are these of the author and should not be interpretod &3 representing
the officiul policies, either expressed or implied, of Digital Bquipment Corporation. the Defense
Advanced Rescurch Projecis Agency, dr the US. Government. VAX. PDPAL UNIBUS, and
MASSBUS are tradmarks of Digital Eguipment Corporatios.

YFour years ago 1 couldn’t even say “knowledge engineer™, now 1., ..

Ariificial Tnieligence 19 (1982) 30-88
0004-3702/82/0000-0000/802.75 € 1982 North-Holland
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=N AL S DELRL LS be determinea (o be complete; if it 1s not, what
components are missing must be added to the order. -

@ The spatial relationships among all of the components (including those that
added) must be determined.

The criterion of success for whether a configuration is complete does not re

in any simple test, but involves instead particular knowledge about all

individual components and their relationships. The criterion of succes

spatial arrangement is more compact (reflecting the uniform characte

geometric structure), but it too involves particular knowledge on a compoi

by component basis. Thus, task accomplishment is defined by a large se

constraints embodying a large amount of knowledge.

R1’s approach to the configuration task is to start with the set of compon
on the order and construct an acceptable configuration using its knowledg
the constraints on component relationships. Since it’s strategy is wholehart:
bottom-up, it may seem surprising that Rl is able to generate an accept:
configuration without doing backtracking. R1 is able to avoid search becaus:
task domain permits the use of the Match method [9]. Match will be discus
at length in Section 2.3 below. Basically, the method is applicable if i
possible to order a set of decisions in such a way that no decision has to
made until the information sufficient for making that decision is available. ]
applicability condition is trivially satisfied if the set of decisions required t
task is fixed and can be ordered a priori. But in the VAX-11/780 configuraf
task. the set of decisions required varies widely from configuration to config
tion. The Match method is a procedure for dynamically ordering a set of decisic
When Match is used, each decision brings one closer to the successful complet
of the task.

Although a significant portion of this paper is devoted to a description
precisely how R1 goes about doing the configuration task, I have tried to av
letting the details of R1's inner workings overshadow the domain independ
lessons that have emerged from this research. There are two important lessc
@ An expert system can perform a task simply by recognizing what to

provided that it-is possiblé to determine locally (i.e., at each step) whet

taking some particular action is consistent with acceptable performance on
task.

® When an expert system is implemented as a production system, the job
refining and extending the system’s knowledge is quite easy.

*R1's output for a sample order is shown in Appendix B.
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: A RULE-BASED CONFIGURER OF COMPUTER SYSTEMS 41

The paper is divided into three sections. The first section describes the
VAX-11/780 configuration task and characterizes its difficulty. The second
ection describes R1 and discusses its evolution from a system with only the
most limited capabilities to what might fairly be called an expert. The third
ection describes R1’s current level of expertise and isolates the design
ecisions that made the building of R1 straightforward.

1. The Task

. The VAX-11/780 is the first implementation of Digital Equipment Cor-
oration’s VAX-11 architecture. It is similar in many respects to the PDP-11,
hough its virtual address space is 2** rather than 2", The VAX-11/780 uses a
igh speed synchronous bus, called the sbi (synchronous backplane inter-
onnect), as its primary interconnect. The central processor, one or two
nemory control units, one to four massbus interfaces, and one to four unibus
nterfaces can be connected to the sbi. The massbuses and particularly the
nibuses can support a wide variety of peripheral devices. Because the number
f system variations is so large, the VAX configuration task is nontrivial.

.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 confignrer must know the properties that are relevant to
system configuration—e.g., its voltage, its frequency, how many devices it can
support (if it is a controller), how many ports it has; T 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 configura-
tions 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; I will call this
- knowledge constraint knowledge.

The difficulty of the VAX configuration task is a function of the amount of
:component information and the amount of constraint knowledge required to
-perform the task. It is fairly easy to estimate the amount of component
‘information that is needed. On the average, a configurer must know eight
‘properties of a component in order to be able to configure it appropriately.
Currently about 420 components are supported for the VAX.? Thus there are
~over 3300 pieces of component information that a VAX configurer must have
access to.

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

’Of the 420 components, about 180 are actually bundles composed of various subsets of the
remaining 240 components,
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(1) The experts have a sparse but highly reliable picture of their task d
When asked to describe the configuration task, they do so in terms
subtasks involved and the various temporal relationships among these sul
(2) They also have a considerable amount of very detailed knowledg
indicates the features that particular partial configurations and unconf
components must have in order for the partial configurations to be exten
particular ways.Both sorts of knowledge are easily expressable as r
extracted 480 rules. Of these, 96 define situations in which some subtask
be initiated. The other 384 rules define situations in which some
configuration should be extended in.some way.

1.2. The constraints

To understand a program, such as R1, that is driven almost entir
task-specific knowledge, it is necessary to understand the nature of th
straints imposed by the task. This subsection provides an example of a ¢
subtask that can arise within the configuration task and indicates {
constraint knowledge involved, (2) the informational demands imposed |
constraint knowledge, and (3) the extent to which the subtask presu
other subtasks. The subtask is that of placing unibus modules in backplar
is the case with the configuration task in general, many of the constraints
subtask have a strongly ad hoc flavor; they are not easily derivable fron
general knowledge because they are the result of design decisions
justifications are hidden in a shadowy past. Moreover, the applicabili
particular constraint is ordinarily dependent on a variety of factors;
decisions that a configurer makes must take a large number of deta
account.

Whenever more than one unibus option is ordered for a VAX, it is ne
to place the modules on the unibus in an acceptable sequence. Ignoring
constraints, it is straightforward to determine the theoretically ¢
sequence. for. the .modules; the modules are sorted on the basis ¢
interrupt priority and within that on the basis of their transfer rate. B
module can be placed on the unibus, it is necessary to select a bac
Several constraints come into play. Backplanes comie in two sizes (4-s
9-slot) and can have any of several pinning types. The backplane selecte
be of the pinning type required by the unibus module. To determine the
the backplane to be selected, it is necessary, first, to determine whether
is constrained by the box that the backplane will be placed in. A b
accommodate five 4-slot backplanes; the exception is that a 9-slot ba
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‘R1: A RULE-BASED CONFIGURER OF COMPUTER SYSTEMS 49

‘may not occupy the space reserved for the second and third 4-slot backplanes.*
Assuming that either a 4-slot or a 9-slot backplane would be acceptable, the
next constraint to come into play is that a 9-slot backplane should not be
selected unless the next N modules in the optimal sequence all require a
backplane of the same type and will not all fit in a 4-slot backplane. Once a
backplane is selected, the board or boards comprising the next module in the
optimal sequence can be placed in the backplane. However, the first and last
slots of a backplane cannot accomodate a full width board; thus the configurer
must make sure that the boards will physically fit into the backplane. There are
‘several other constraints. For example, the total amount of power that can be
drawn from a regulator is limited; also, if the length of the unibus exceeds a
certain limit or if the load on the unibus exceeds a certain limit, a backplane
containing a unibus repeater must be placed in the box.

After a module has been placed in a backplane, there is frequently room for
additional modules, but the next module in the optimal sequence may require a
backplane of a different type or more space than is available in the backplane.
At that point the configurer must decide whether to deviate from the optimal
sequence or to leave some of the backplane slots empty; the decision is based
on the total amount of box space available and the seriousness of the deviation.
If there is sufficient box space to accommodate the modules when they are in
the optimal sequence, the optimal sequence should be preserved (even if this
entails adding additional backplanes to the order). If there is not sufficient
space, the seriousness of the deviation must be determined; there are some less
than optimal sequences that are acceptable. If the decision is that the deviation
from the optimal would impair the functionality of the system, then the
configurer must add another box (and possibly a cabinet as well) to the order; if
the decision is that an acceptable suboptimal sequeunce can be found, then some
module other than the next one in the optimal sequence is placed in the
backplane. In general, it is acceptable to add a module that is not next in the
-optimal sequence if it meets all of the constraints mentioned above and has a
transfer rate that is lower than that of any other module with the same
interrupt priority that it will precede.

There are reasons, other than lack of slot space or power, why the configurer
L must consider deviating from the optimal sequence. If the module that is to be
added is a2 multiplexer, for example, then in addition to the space and power
constraints, there is the added constraint that sufficient panel space must be
available in the cabinet containing the box that will contain the multiplexer. If
there is not enough panel space in that cabinet, the configurer must decide
whether to deviate from the optimal ordering or to put all of the remaining
modules in the remaining cabinets, Again, the decision must be made on the

“The box that contains unibus modules has two +5 volt regulators. One of these regulators supplies

power to the first two slot backplanes (or to the first 9-slot backplane); the second supplies power to the
other backplanes. All of the modules in a backplane must draw power from the same regulator.
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