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ABSTRACT

This paper describes an expert system, called
OIICS, which actually has been deployed for
designing hydraulic circuits. OIES enables to
increase productivity by integrating the four
processes of expert reasoning, designing,
mmlysis, and drawing inspectiom ’lhe application
of artificial intelligence to this donmin poses a
number of challenges, including: how to integrate
these four processes, how to realize drawing
inspection, and how to couple qualitative
reasoning and numerical computing. To overcome
this problem, OES employs various kinds of AI
technologies such as time-state reasoning,
q, mlitative reasoning, hypothetical reasoning,
constraints propagation technique, q~, A~, and
symbolic algebraic manipulatiom In this paper,
our approach to dealing these problems is
described.

1. Introduction

Uses of oil hydra,,lic power and control are found
in almost every manufacturing plant, construction,
agriculture, transportation, mobile, marine, and
aerospace. Oil hydraulic power systems are those
that transmit and control power through use of a
pressurized oil within an enclosed circuit.

%he process of designing hydraulic circuits can
generally be divided into four stages: circuit
design; components selection; static and dynamic
analysis of the circuits; and inspection of
completed drawings, as ~own in figure I.. %hese
four stages are normally entrusted to experts in
respective field. A dynamic analysis is primarily
handled by the analysis experts, while the

designing and inspection of drawings is entrusted
to the designers (the inspection of drawings is
entrusted to the senior designers).

One major problem with such an approach to
circuit design occurs when drawings are found
which do not meet specifications, and much of the
design and analysis must be redone, ql]ese
additional engineering r~s cause a great loss of
time and decrease productivity levels by the
hydraulic engineer. Since there is so much
expertise involved in each of these engineering
tasks, the traditional approach taken in
developing hydraulic systems is extremely tedious
and inefficient.

In analyzing the concentration of expert
knowledge required for each task, we have
developed an Expert System for IIydraulic Circuit
Design (OHm: Oil Hydraulic Circuit Simulator),
which is an assistant for design and manufacturing
engineers who are responsible for efficient design
and performance of oil hydraulic power system~

Our goal was to increase productivity by
integrating the four processes of expert
reasoning, designing, analysis, and drawing
inspection into a single syste~

lhydraulic circuit design

circuit deslgn [

i
commercial hy.draulic machine I
components selection

static and dynamic analysis I

inspection of drawlngs I

Figure 1. Hydraulic circuit design tasks
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2. OHCS Architecture and Its Functions

dES rtHm on a SymboLics l.~sp ~hchine ~t~ffn the
/k~I ~ env~rolmlen~ dES consists of ld~p program,
700 rules, and 2000 sdmma~ 1he coding ratio is
7 parts of llsp and Flavors to 3 parts of ART.
And the system needs 80MBytes
under run.me for general use.

Figure 2. illustrates the architectural
organiT~tion of the system, which consists of six
major components. ’rile dl]S system performs the
following five primary function~

2.1 Supports the Generation of Circuit
Diagrams

the system is able to apply the expertise of the
designers to generate circuit des~m as well as
CAD drawings that meet specifications. ’the
graphic symbol representing hydraulic machine
components are ~lown at the right side of the user
interface ( as shown in figure 3. ) and can 
mouse-selected. Since there are 150 graphic
symbols representing components of hydraulic

USER INTERFACE

I mouse-driven leon and menu I

I hydraulic circuit schematic editor window I

I data base maintenance window I

INFERENCE ENGINE
qualitative reasoning I

(time state reasoning)

[ hypothetical reasoning I

I propagation of constraints I

~symbolic and algebraic [

manupulation

~’~ numerical simulator J

~object oriented DB I
eommereial products [
$1~eclfieations |
characteristics curve J

KNOWLEDGE BASE

[ essential functions of hydraulic element ]

[ hydraulic symbol (icon) library ]

[ heuristics (design and analysis) [

Figure 2. The architectural organization of the system

machine to choose from, the selection of the
various types of components is facilitated by a
layered menu array. Gra~fic symbols are th3se
which give symbolic representation of the
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Figure 3. Hydraulic circuit design drawing

125



component and n l ] of its features pertinent to the
circuit disgrmm ]Ira composition of the circuit
diagram, which takes place in tim center of tim
screen, is directly comlected to the bmwledge
base and its image is reco~Hzed as knowledge ( we
call intelligent feature-based CAD ). ]|mrefore,
a "picture" on the screen that indicates, for
instance, that "macl)ine A and machine B are
connected", will also be kept in the knowledge
base as a "condition" in which "machine A and
mad~ine B are comlected". ’lhe gra~dc images seen
on the screen are not merely pictures in ord~mry

2.2 Components Selection

~]le designer proceeds to select commercial
hydraulic machine comp~lents after t]~ generation
of circuit diagrams. OIICS provides all objet-
oriented data-base, which contains the
specificatioI~s told d~racteristics curve of 1500
conunercioi componeuhs.

retrieves components from object-oriented data-
base that may be characterized as flexible
indexing and retrieving.

2.3 Diagram Inspection Based on
Experience

Since the system’s knowledge base consists of
diagram inspsciton expertise, the operation of
diagram inspection proceeds as if such specialists
were act, rally on lknnd to supervise tim operatio~
In addition, the diagram inspection results sudl
as comments, and Nm calculation of parameters are
displayed in the upper part of the screen, as
shown in figure 4., acting as a guide for the
designer.

Traditiolmlly, the senior designer checks to see
Umt the functions of each circuit correspond to
the specifications. This operation is
approximately 80 percent qualitative, ~J deeply

dependent on the SlX~Ciai knowledge of Lhe expert.

OIICS automatically generates the used parts
table, whidl is ~wn at the ri~it side o~ figure
4. ]his table is also the selection menu of
commercial hydraulic madmle components, which

2.4 Automatic Generation of Analytic
Models
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l~dde dil~l~ ~ cy~, rod d~tmclar, t3mm, IOmrn
(RetukO 13. Cytinaer, I~¢tw.d I00 exit) lead fizne pomp I]o* 47.4 (t/ram.)
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Figure 4. Diagram inspection
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hl addition to the draw~ig made of tim hydraulic
circuit d iagrm, itself, sim,,IAtion of static and
dyuamic m~nlysis must be carried out. the models
used in these simulations is automatically
constructed in accord~me with tile expertise of
tie mmlysts, wl~ express the state of hydraulic
machine components in tile from of ordinary
differential equations. 011CS simulates the
analytical expert’s qualitative experience in
mad~ematical modeling.

2.5 Quantitative Simulation

Nmnerical simulation of Um hydraulic circuit is
carried out after file autonmtic generation of tim
m~/ytic model, w[fich is described in terms of
sets of or([h~iry differential equatic~ Jn Ule
past, tile simulation process was an operation
completely separate from the process of circuit
diagram construction. In 011CS, however, it is
lhffed to the des~g1~h]g process, producing real-
time simulat/on results, as ~)wn in figure 5.

Furthermore, the simulation process is
characterized as the process to be repeatedly
executed as modifying parameters of compouents

mltil designers are sat/stied with result~ ~[S
makes easy to perform this process, and is able to
decrease d~ mnomlt of time.

3. Representation and Qualitative
Reasoning about Circuit

3.1 Knowledge Representation

011CS utilizes three forms of knowledge
repres~itatiolm:

(i) Declarative knowledge bose of primitives and
composite components, relation for circuit
construction, interface to data base,
analysis model parameters for components,
icon grapl~[c symbols, and others; time

(2) Production Rules in the form of IF-II~N rules
of many types: control of time-state
reasoning and hypothetical reasoning,

empirical associations of predictable
problems and measures, processi,N of mouse
driven graplffc interface, generating ordJa~ry
differential equations, and others;

Iml~l Output Flow Diff~cmcc
Number Pressure Pressme Amount Velocity of Pre~q~e Power Co,~onems I (C) 1987, Kayaba lnduslry Co. Inc.

(kgf/cn2) (I/ntn) (n/nln) (kgf/cn2) I
2 8.8 141.4 45.9 -141.4 -ie.61 P,~p SimulationI
4 141.4 0.6 15.9 140.0 3.66 Relief Vtl~e I5 0.6 8.1 5.9 O.S e.m ,Squee~ vti,e Results Sys~mlnformalion

s 8.1 e.e s.9 8.1 e.ee Fm=
? 8.6 8.8 32.5 8.$ 8.93 CtUUi Valve S4dect Dlspoal Below
O 1.2 0.6 22.5 0.8 8.02 Cut-Off Valve (BR Pin) Parameter Input
e 141. Graph display of Simulation Results9 146.

T~
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relief-valve flow-rate (l/rain)
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Figure 5.
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(3) Algorithmic knowledge expressed as functions:
symbolic and algebraic manipulation to
simplify and substitute equations, and otJ~er
calc, fl A tions.

OIICS contains complete representations for
hydraulic circuits, called tile Circuit
Representation Language. qhis language admits a
relatively simple representation using well known
ideas about schemata (frames) and inheritance.
Figure 6. illustrates an example of circuit
knowledge. ~qle graphic inmges seen on tJ~e screen
Jn which "pump and relief valve are comlecte~l" are
expanded to the internal knowledge through
relations, as sho~m in figure 6., which is a part
of Imowledge representation of figure 3..

3.2 QualitativeReasoning

(][~S identifies qualitatively the circuit topology
from the Circuit diagram by searching tJ~e flow
path, and" by using heuristics for the following
three purposes such as recognition of tim circuit,
basic diagram inspections, and giving important
informations for generating equations by
constraint propagation methods~

Identification of the circuit topology is
executed after constructing pil)ing relations,
whid~ are "port-in" and "port-out" relations shown
in figure 6.. ~@~en hydraulic n~ddne components
are added or d~ged by the designers, constraints
with piping that exert an effect tllrought the
circuit system are changed at the same time, since
(]K2S maintains the logical consistency.

After that, (]iS infers the flow path by means of
the concept of node and link. Nodes represent
each device terminals (inlet and outlet ports of
components). Links represent each components,
which are conduits that oil fluid flows from ncde
to node [Gentner, 1983]. OHCS uses both
q,~litative application of a time-state reasoning,
which is characterized as a non-monotonic
reasoning, and heuristics for solving the flow
path problem.

We call the flow path representation of the
circuit diagram as the circuit topology sl~m in
Figure 7., which is apart of the circuit topology
of figure 3..

h~draullc circuit dl~ra ,mEdow

~--~
L.°J

pump-ICON-2 [ rellef-valve-ICON-3

ort-out-po$1tion
port-in-position

on-name-of port coordinates h

port-out ~ [ r el::.e f-v alve.,3pump-2
port-in I

instance-of
prototypes of lrydraulic device

(product-attributes

k commercial product DB
flow-rate

k[ circuit variable,pressure-in

pressure’°ut 1 C0003 - C0004 w
(xootz - X0013)

! I
I

Figure 6. An example of circuit knowledge

circuit topology ~-~

I slNle-rod-cyllnder-8

Figure 7. An example of circuit topology

128



piecewise linear approximation

(pressure-in ~,
- pressure-omj

__~ "open"

J assumptions of a device state J

i ItYP-205

IlYP-Z06llYP-204

(equation ...)
(equation ...)

circuit topology

generation of analytic model

prop~ation of constraints J

Jsymbolic and algebraic I

manipulation

hypothetlchl reasoning

(assumed-state "open" relief-valve-,3)
(equation (- q-rpm-of-pump-2 (* ...)

(assumed-state "close" relief-valve-O)

IIYP-208

tlYP-209

HYP-2 11
(equation -..i

IIYP-2 12

IIYP-2 13

IlYP-Z 15

Q

Figure 8. Generation of analytic model with hypothetical reasoning

Coupling Qualitative Reasoning and
Numerical Computing

~[~ provides the capability of piecewise linear
approxinmtions of ordinary differential equations
for the circuit, because ordinary circuits can be
expressed as nonlinear systems.

shown in Figure 9.. Instantaneously each
hypothesis is examined by both designer’s
practical experience and circuit topology-based
heuristics. In the course of generating
hypotheses one after another and pruning them,
~K~S maintains ~ logical consistency among the
l~pothetical worlds.

In general, piecewise linear approximations has
exponenHal complexity in fl~ number of nonlinear
components in the circuit [Sacks, 1987].
Therefore 011CS provides the search-limiting
combinatorial methods, which leads to efficient
analysis of the circuit with piecewise linear
models.

~he search-limiting combinatorial method supplied
by 01[CS is as follows. 0IICS generates piecewise
linear equations as conflictive hypotheses based
on deductive logic that can be viewed as a single
analysis space for each ilypothesis sbown in Figure
8..

While 01ICS constructs sets of equations, it
substitutes, and simplifies equations by symbolic
and algebraic manipulation to which propagation of
constraints applies [StAll,ran, Sussman, 1977], as

Consequently, the parameterized circuit
equations, which are contained in consistent
several analysis spaces, can be obtained. 9hose
equations are examined by the analytical expert’s
ImuristAcs again, then these are computed to get

pump-2

flow-rate

pressure-out

relief-valve-,)

pressure-in

prpagation rules
__ generation of a symbolic variable

ression

transition of circuft variables

Figure 9. Propagation of constraints
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the circuit state variables such as input-
pressure, output-pressure, flow rate, and
generation of heal

]he analysis space is able to be viewed as three
layer structure, which consists of qualitative
reasoning level, hypothetical reasoning level, and

meta level, as shown in Figure ]0.. Multiple
contexts are expanded as network Jn eadl level. A
context is a primitive in the are~lysis space, qhe
meta level contains common informations through
the aJmlysis space. InformatioI~ in tile ]ower
level are visible to the higher level, and the
reverse cannot do so. Aaaordingly, the analytic
model generator generates automatically eqtmtions
as making reference to the information of the
circuit topology.

5. Knowledge Acquisition

]he first step in developing OIICS was the
information-gathering process from both
documentation and human experts. Much of the
exJstJng design documentation turned out to be
defective in practice, since this type of
expertise is not easily documented. As a result,
only 20 percent of the documented information
cou]d be used to good effect in OIICS. The
documentation did, however, play an important role
in triggering the extraction of ~owledge when tJ~
interviews with experts were conducted.

6. Results

~he system actually has been deployed since 198~
dES expert system was put into operation a year
and a half after the beginning of the knowledge
acquisition process, and needed 5 people for
development- dES’s payoff for our organiT~tion
are as follows:

l, OHCS has reduced the amount of work at the
designer level by 50 %. If the work
pertaining to analysis and (Hagram inspection
is also taken into consideration, an even
greater time saving has been effected.

,
~JntaJning the quality of circuit diagram
drawings at a specified level is possible
since the expertise involved in designning,
analysis and diagram inspection has been
reg,] ~ ted.

/..
RULES

-"h

k,,,. ’ ~------__ ..[ analytic model generator W

\ \
qu,,litat~w ~a$on~g level _.i~7 ~ . .......

Figure 10. Multi layered analysis space

,
~le technology transfer process completed
during the development of dEShasresultedin
a further enricJun~it of analyticknowledgefor
the researchers who have been working on
dynamic analysis.

In the general flow of designing operations the
first step is the receipt of circuit
specifications from the client. ]hen a table of
quality requirements is drawn up and tJ~e actual
designing is carried out. The area covered by
(~ES is tAis type of designing. ]he next step is
the layout design and tJ~ preparation of a q,~]ity
assurance sheet. It was at first that dES would
fulfill a part of the general flow of designing
operation& In future we will buJJd other expert
systems that fuJfill the renminder of the entire
desig~dJ~ operations.
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