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Designing a system means to transform a set of demdndgwards an explicit system descriptiosi, In the
field of fluidic circuit design, components like pumps, vehend cylinders are used to construgt From a
configurational standpoint a designer selects, parameésiiand connects components such fha fulfilled by
the emerging circuit.

Actually, fluidic circuit design is not tackled at the companlevel. Instead, a designer develops a mental model
of the desired system, which is placed at the level of functio Hence, a more adequate characterization of the
design process i® — F — S.

Using the concept of fluidic axes, the stép— S can be automated by means of case-based reasoning. Mativate
by these observations we have developed a case-based dppigiach for hydraulic systems.
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1 INTRODUCTION

Fluidic drives are used to realize a variety of productiod amanipulation tasks. Even for an
experienced engineer, the design of a fluidic system is a lExgnd time-consuming task,
which, at the moment, cannot be automated completely. Degjca system means to trans-
form a set of demandd), towards an explicit system descriptio%l, From a configurational
standpoint a designer of a fluidic system selects, parameseiand connects components like
pumps, valves, and cylinders such tlhats fulfilled by the emerging circuit.

D— S

However, fluidic circuit design is not tackled at the comparievel. Instead, a designer devel-
ops a mental model of the desired system, which is placecedetel of function,F'. A more
adequate characterization of the design process is tloiol).

D—F—S

Based on the concept of fluidic axes, it is possible to auterties stepF’ — S. A fluidic
axis fulfills some subfunctioff, and, in order to realize a complex functiéh:= {f, ..., f.},
several fluidic axes must be coupled in the right way. Moé&ddiy these observations we have
developed a case-based design approach for hydrauliovsystehere the following compo-
nents interplay:

e A case bas€'B with hydraulic axes from previously solved design problems
¢ A similarity functiono that maps from a desired functigne F'to hydraulic axes i’ B.

e A rule-based modification concept for the adaptation of tisfsetory fitting axes.



e A composition scheme that hierarchically couples sevewmd aespecting’.

This paper outlines the design approﬂdhts organized as follows. The next section gives an
introduction to case-based reasoning. Sediflon 3 devehegpsain contribution of this paper, a
case-based design approach for fluidic systems. Sddticesémis a prototypic design assistant
that operationalizes the outlined ideas.

2 CASE-BASED REASONING

Let a case combine a description of a problem
along with a solution. Basic idea of case-based rea-

soning (CBR) is to exploit previously solved cases !
when solving a new problem. I.e., a collection of

cases is browsed for the most similar case, which «

then is adapted to the new situation. The commonly Q_é® ]

accepted CBR cycle shown in Figure 1 goes back

to Aamodt and Plaza (1994) and is comprised o Case base

2>

retrieved.
2. Reuse.Having performed more or less adap-
tations, the retrieved case may be reused.

3. Revise. Having evaluated the adapted case,
additional repair adaptations may be applied.

4. Retain.The new case, consisting of the prob-
lem along with a solution, is stored. Figure 1: The classical CBR cycle.

four steps: r
. _ Revised Similar
1. Retrieve. A case relevant for the problem | case cases .

2.1 Design Problem Solving and CBR

Configuration, design, synthesis—these terms stand fagmoclasses where the Al paradigm
“generate and test” has been applied rather successfulyMBand Chandrasekaran 1989,
Cunis et al. 1989, Marcus and McDermott 1989). CBR, howdekows the paradigm “retrieve
and adapt” (Leake 1995). Both concepts can work fine togéth&wlve design problems.

A previously solved design problem that contributes a goeal tb the desired solution may
bound difficult synthesis and adaptation tasks to a tragtedsdt problem. Following this idea,
the starting position of a design problem should be creai#id @BR methods, while for the
heuristic and search-intensive adaptation tasks othearddigms come into play.

As mentioned at the outset, a design problem is stated byd sser demandsD; a solution

to a design problem is system.S, which can be understood as a collection of objects or as
some kind of construction plarb is a solution of the design problem, if the behavior of the
systemS complies withD.

There exist other approaches to hydraulic circuit desigoh ss (Piechnick and Feuser 1994, Fluidon GmbH
1992). The main difference to the approach presented htratisnly predefined circuit topologies are treated. An
exception is the SHEMEBUILDER system, which allows for the construction of simple patdtipologies (Oh et
al. 1994, da Silva and Dawson 1997); however, the systent ishie to verify its design proposal by a simulation.



Remarks.There exist two concepts of how a problem’s solution can med One of them
codes the problem solvingrocess the other codes theesult of a problem solving process,
for example in the form of a system descriptiSn From this distinction result two analogy
concepts in CBR, namely that of derivational analogy (bgiog to the former) and that of
transformational analogy (belonging to the latter) (Cadib1986, Goel and Chandrasekaran
1989, Hinrichs and Kolodner 1991). For reasons of clearrteesconsiderations of this paper
are oriented at the latter, i. e., at the system descripti@n,\but they could be reformulated to
the process-centered view as well.

Definition 2.1 (Case, Case base, QueryLet D be a set of demand sets, and3ebe a set of
systems. AcaseC' is atupleC = (D, S), D € D,S € S, whereS constitutes a solution for
D. A setCB consisting of cases is calledcase baseA case of the formy = (D, -) is called
queryor problem definition to a case base.

When given a query = (D, -) to a case baséB, two jobs must be done to obtain a solution to
q. () Retrieval of a similar case and (i) adaptation ot such thatD is fulfilled.

Wel3 (1995) mentions three approaches to define similariyril&@ity based on predicates,
similarity based on a preference relation, and the mostrgeoencept, similarity based on a
measure. In connection with design problem solving, ongyléist is powerful enough, and the
following definition will formalize a similarity measure falesign case bases.

Definition 2. 2 (Case Similarity, Similarity Measure)Given is a symmetric function : D x
D — [0; 1], which additionally has the reflexivity propergy(D;, D) = 1 < Dy = D..
Moreover, lete; = (Dy, S1) andcy = (Do, Ss), c1, co € CB, be two cases. Then tlmse
similarity sim : CB x CB — [0; 1] is defined by means ofin the following way:sim(c;, ¢y) =
o(Dy, Dy); o is called a similarity measure.

Remarks(i) The semantics aof shall be as follows. The more similar two demand getand
D, are, the larger shall be their vala¢D,, D,). (ii) The symmetry property guarantees that
sim(cy, c2) = sim(cq, ¢1); the reflexivity property defines the self-similarity of asea

3 CASE-BASED DESIGN OF FLUIDIC SYSTEMS

Typically, a case-based reasoning approach to a designhepmnab realized in a monolithic
manner—by mapping a complex set of demandsdirectly onto a systeny € CB. This
approach is absolutely futile here since a case bésthat provides adequate solutions for the
entire variety of fluidic demand sets can neither be set uprmantained.

In contrast to such a monolithic view, the presented apprasgrounded on the principle of
“functional composition” (Stein 1996). The principle sagat

1. each set of demandB®, can be decomposed into a set of functiafiss {fi,..., fu}s
2. each functiory € F' can be mapped one to one onto a hydraulic axis that reafizes

3. the coupling type between the hydraulic axes (seriegllpgrsequential, etc.) can be
derived fromD.

While the first point goes in accordance with reality, poirr2l point 3 imply that no subfunc-



tion f is realized by either a combination of several axes or bytcocsonal side effects.

Under this working hypothesis a demand getan be transformed towards a fluidic systém
within two steps: by designing a fluidic axisfor eachf implied by D, and by coupling these
axes in a qualified way. Figulé 2 depicts this view.
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Figure 2: Automating fluidic circuit design by functionalmaposition.

Taking this simplifying view of the design process, the skep— {4;,..., A,,} can be real-
ized by CBR methods—provided that the following can be devedl: a similarity measure for
hydraulic functions and an adaptation concept for hydcaares.

The following subsections introduce the case-based degigroach in greater detail. We start
by illustrating the three before-mentioned abstractimelie of fluidic design problemd), F,

and S. The next but one subsection develops a similarity measurihctionsf € F. This
measure is vital to realize the retrieve step in the CBR aqgroFor a givery it identifies the
most similar fluidic axisA from a case base of axes. The subsection thereafter is deiote
the revise step: It is shown in which way a misfitting axis caradapted. The last subsection
describes the stepd,, ..., A,,} — S, i.e., itis shown how the retrieved and adapted axes are
connected to a system.

3.1 Abstraction Levels of Fluidic Design Problems

A fluidic design problem can be described at different legklgers) of abstraction. From the
standpoint of a design process the following layers are mapti the demand layer, which
defines the desired set of demaridsthe functional layer, which defines the implied function
F, and the component layer, which defines the system

Demand LayerD. The layer of demands contains the entire specification faridil system.
Vier et al. (1997) discuss possible demands in detail, ssdiolarance constraints, operating
restrictions, boundary values, etc. Central element® ohowever, are the cylinder profiles,
which prescribe the courses of the forces, the velocitieth@pressure. Implicitly, these pro-
files characterize particular phases of the working prqcassh as a speed phase, a slowing
down phase, or a press phase.

Figure[3 shows cylinder profiles for a hydraulic system thgrates in the low pressure range
and that contains two working elements,, w-, which have to perform a combined manipula-
tion and pressing task.

w. W,
d 1 d 2 _ - Pressure hold at 35 Bar

o o

1T 2 s a4 't 1 2 5 4
Figure 3. Desired cylinder profiles for a hydraulic system.
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Functional Layer,F'. A functional view can be derived fromv by identifying the working
phases within the cylinder profiles, by globally arranginggse phases, and by combining them
within functions f. Typically, each functiory € F is realized by a fluidic (here: hydraulic)
axis. The functional layer specifies these axes as well ascieplings according to the global
phase interplay, say, the order restrictions of the phases.

Figure[4 shows the functional layer that

corresponds to the demand layer of Fig-Working element| Phase| Phase Type |
ure[3. Here, four phases have been idenw: Py, | Constant drive0.5m/s
tified (see Tabléll), globally arranged, w1 Py | Constant drive—0.5m/s
and combined within two functiong; | w2 P1 | Pressure hold3 Bar

and f,. The respective hydraulic axes 2 Py | Driving in

must be coupled sequentially to realize
D—a fact which is reflected by the cou-
pling hierarchy.

Table 1: Phases identified in the cylinder profiles.

Phase order restrictions

Global phase interpla . .

Pl,l Pl,z Pz,l Pz,z P pay Coupling hierarchy
= 1 L P
P _|directly | | [
1.2[after — 5 =) —_—
P P 22 [%a] o
21 0o 2 4 5t
P2

Figure 4: Corresponding functional description for theaboylinder profiles.

Component LayerS. The component layer defines the Al
structure and all components of the fluidic system. They A; 3
form, along with the component parameters, the solution of
the design problem. For each function of the functionallaye

there is a hardware counterpart in the form of a fluidic axis.
These axes are coupled according to the coupling hierarchy. '341'”

Sz
1

Figure[® shows a component layer that corresponds to the
functional layer of Figur&l4. For each of the functiorfs,
f», a hydraulic axis 4; andA,) is given.

3 I'[[M

HEIXE

3.2 A Similarity Measure for ?

Hydraulic Functions nfw l
The desired demand$), at a hydraulic system imply a set A
of hydraulic subfunctions{fi,..., f.}, each of whichto _. N .
be realized with a particular hydraulic axis Supposed Flgur_e 5 Clrcwt_that realizes the
there is a case basépB, with cases of the fornif, A), and functional description of above.
a query,(f4, ), for which a suited hydraulic axis shall be
retrieved fromCB. Then a mappingy, with the following
properties is required.



| Phasetype || PosITION | CONSTANT | ACCELERATE | HOLD.Pos | PRESs | FAST | HOLD.PRESS]

PosITION 1 0.3 0.5 0 0.3 0.7 0
CONSTANT 0.3 1 0 0 0.7 0.7 0
ACCELERATE 0.5 0 1 0 0.2 0.4 0
HoLD.Pos 0 0 0 1 0.3 0.0 0.6
PrRESS 0.3 0.7 0.2 0.3 1 0.0 0.8
FasT 0.7 0.7 0.4 0.0 0.0 1 0.0
HoLD.PRESS 0 0 0 0.6 0.8 0.0 1

Table 2: The similarity between two phase typgs,

1. o is defined on the domaifi x F, whereF is a set that comprises the possible hydraulic
functionsf.

2. o is a similarity measure as defined on pBhe 3.

3. “o(fy, fr) =max{o(fs, f) | {f,A) € CB} &
“(fr, A.) € CBis the best case @B to realizef,".

Remarks. The similarity measure estimates two hydraulic functions respecting their simi-
larity. It maps from the Cartesian product of the hydraulindtions domain onto the interval
[0; 1]. The last property,]3, postulates tlashould become maximum only for those cases in
CB that realize the demanded functiginbest.

The elementary characteristic of a hydraulic functfois defined by both the sequence and the
type of its phases. Valuating two hydraulic functions resipg their similarity thus means to
compare their phases. However, the phases in turn are ¢h@dzad by their type, duration,
distance, force, or precision, and each of which can be dieghby a special phase similarity
measure. TablBl 2 gives a sample quantificationsfgr the similarity of two phases’ types,
which is the most important phase characteristic and whsictsed in the following definition.

Definition 3.1 (Similarity Measure for Hydraulic Functions Based on Phasgy/pes). Let the
hydraulic functionf; designate the phase sequeligg,...,p;,) € F, and let the hydraulic
function f, designate the phase sequefgg, ..., ps, ) € F for somen, m € N. A phase type
based similarity measure for hydraulic functioas, 7 x F — |0; 1] is defined as follows:

1 min{m,n}

Z Upt(plivai)

=1

o(fi, f2) =

max{n, m}

Remarks.Obviously doeg fulfill the conditions of a similarity measure. Note that fretcase
n # m not all phases will match and hence not all phases are comsidethe computation of
o. A fact, which does reflect our comprehension of similanitynost cases—it does not if, for
instance,f; and f, are described at different levels of detail. This and otherttomings have
been addressed in the work of Hoffmann (1999): He proposddealized an algorithm that
enables a smart matching between phase sequences variengihn.

3.3 Adapting Fluidic Axes

By means of the above similarity measure for hydraulic fiomd, o, the £ most similar cases
can be retrieved from a case base of hydraulic axes givenry qfie-). Note, however, that



these cases merely form soluticandidatesusually, a retrieved case must be adapted to fulfill
the demanded hydraulic functiofy. Case adaptation plays a key role in case-based design
(Kolodner 1993) and is performed within the reuse step (brinmind Figuré&ll again).

The following definition specifies the terms “modificatiomidh“adaptation”. While each adap-
tation represents a modification, the inverse argumemtataes not hold: A modification of

some case does establish an adaptation only, if the modibjedtoof the case—in our setting
a modified hydraulic axigl’—does fulfill the demanded functiofy to a higher degree than the
unmodified axisA of the original case.

Definition 3,2 (Modification, Adaptation). Letc = (f, A) € CB be a case, and legt= (fy, -)
be a query. Amodificationof ¢ respectingg is a functiony : F x CB — F x A, with
u(fd,cE> = (f’, A’). A modification ofc is called anadaptationof ¢ if the following condition
holds

sim({f', A"),q) > sim((f, A),q)

Case adaptation can be realized in different ways. A pomparoach is the formulation of
adaptation knowledge in the form of (heuristic) modificatiales (Stein and Vier 1998, Barletta
and Hennessy 1989, Hennessy and Hinkle 1991). In techracahohs where the behavior of
the system to be adapted is well understood, a particula ofpmodification rules, called

“scaling” rules here, can be employed to encode modificatrmwledge.

Definition 3,3 (Scale Function, Scalable, Scaling).Given is a query; = (f4, -), a subset of
the demanded hydraulic functiofy C f,;, and a case = (f, A) € CB. A function scale :
F x CB — F x Ais calledscale functiorof c respectingf}, if the following conditions hold:

(i) scale(f),c)=¢c = (f', Ay with f;, C f’, and
(it) sim(c,q) > sim(c,q)
c is calledscalablewith respect tof,, ¢’ is calledscalingof c.

RemarksIn other words, with respect to a part of the desired functfgrC f,, there is a case
¢ = (f, A) in the case base whose hydraulic atisan be modified—say: scaled—towardfs
in such a way thatl’ providesf; and¢’ is more similar tog than isc. Obviously does each
scaling establish an adaptation.

Example. Consider the design of a lifting hoist where -
¢ = (f, A), the most similar case found respecting the query -

q = (fa,), does not fulfill the maximum force constraint | [ ~ = = = - |_-
(Fy,xq) € fq. Given this situationg can be scaled up to
fulfill f; if the force difference between the existing and the  AXI AX]]
desired system is of the same order of magnitude (see Figure

)
In this simple example the scaling of the force is possib|e l )
since the responsible underlying physical connectiorss, th

balance of forces, can be quantified. A reasonable scRigure 6: Scaling a cylinder re-
function could utilize this law as follows. It adapts theder specting a desired force.
valuex of ¢ according to the demanded valugby scaling

the piston aread,,,, to a new value with respect to the maximum pressure allowgd,

A

2The condition is equivalent to the followingf’, f4) > o(f, fa)



Formally, the scale function takes two arguments (recafirii®n [3[3); the first of which de-
fines the subset of; to be achieved by scaling, the second is the case to be modified

scale({(Fy, xq)},c) = = (f', A") € F x A,where

fr=fa \{(Fo,2)} U{(Fo a) },
A=A\ {(Ag¥)} U{(A,¥")},  withy = L

Pmax

Note that conditioni{) of Definition[3[3 is fulfilled: The similarity between thealed case’
and the query; is strictly larger than the similarity between the origicakec andg.

3.4 Coupling Fluidic Axes

This subsection outlines how several hydraulic axes arebgwed towards a systesl. Recall
that the starting point of a design problem is a demand/3etyhich implies a set of hydraulic

subfunctionsF' = {fi,..., f.}. A retrieve step yields a hydraulic axis; for each function
ferF.

Axes can be connected by means of a paral- B (B ) R A

lel coupling, a series coupling, or a sequential [|A1 ! z

coupling. The result of such a coupling can T
be considered as a new hydraulic axes which in ( C
\%

sl

turn can be connected to other axes. This way,

coupling hierarchies can be defined in recursive
manner. To automate the generation of a col-_|; T A Ay Aves
. . 10 M2
necting network between several axes, we mtrongELg- = C: Coupling
: A . : S V: Control
duce four generic building blocks:i)(an axis S S: Supply

building block with a single input and a single

output, (i) a control building block with two in- Figure 7: Circuit diagram and related build-

puts and two outputsji() a coupling building ing block representation.
block with two inputs and two outputs, ang)a

service building block with a single input and a single owitpu

Figured shows a hydraulic system and its appropriate mgliock representation; Figuré 8
shows the three coupling types.

Parallel coupling Series coupling Sequential coupling

| | Lasz. A<zl |

D Y

I I C d I

— A3 | I_d S — A3

| v | P

| Vv |

DS o
| | | A1, A, Az: Axes building blocks
4 | Ay | V, V1, V2: Control building blocks

C: Coupling building block
Figure 8: The three coupling types in their building blocgnesentation.



4 REALIZATION

The concepts described in the previous section have beeedslat within a design assisnt
and linked toFluidSIM, our drawing and simulation environment for fluidic syste8ein
1995, Stein et al. 1998). The design assistant enables aag@mulate his design ideas by
specifying both a set of functions and a coupling hierarchy between the elements.irF-or
eachf € F a sequence of phases can be defined, where for each phasd alsmtaoteristic
parameters, such as duration, precision, or maximum vakede stated. Figufé 9 shows the
interface part of the design assistant that realizes thafggaion of F; this front end is used
for the acquisition of new cases as well as for the formuhatibqueries.

HaVing started the retrieval mechanis/ _ rese [casEnn | _Retieve | “euee Options...
of the design assistant, the case base IS (& emsor Phase Name  ConsiantOut2
searched for the hydraulic axes fitting begtsk=sdz| fﬁ piet Type St i

. . Duration 3.00 SEC
the specified function. In a next step these gﬁ?“ Distance S0 o
building blocks are automatically scaledseciei || 7 s Krorce. 11100 N
and composed towards a new system. F=s=t= peasen -
nally, a drawing for the circuit is gener:_ sae
ated, which directly can be simulated angl

Mhde: Casehase Displayed sim(guery.case)=0.78

evaluated respecting the desired demands

usingFluidSIM. Figure[ID shows a query Figure 9: Interface for design queries.
(left window), the functional description

of the generated design (middle window), and the hydrauhevihg of the generated design.

Ouerym ™ Reusel j
-
ﬁ Axisl 57 Axis1 Of Case003
=] Constant Ot =3 Constant Out
= in i
5 AmsE B} Axis1 Of Case0dd
] Press = Fress
=ln =

-

AN

Figure 10: A design query, the functional descrlptlon of mson, and the related drawing.

4.1 Evaluation

Clearly, a direct evaluation of generated design solutioust be limited within several respects
since

1. an absolute measure that captures the quality of a desagrabt exist, and

2. the number of properties that characterizes a desigrgs &nd their quantification often

3The design assistant has been realized and evaluated asoéthardoctoral thesis of Hoffmann (1999).



| Axes number| Retrieve| Reuse| sim > 0,8 | sim > 0,9 | Simulation O.K.] Expert modification]

1 <<1s | 0.10s 17 13 10 10x(+), 6x(0), 1x(-)
2 << 1s | 0.63s 16 11 9 8x(+), 7x(0), 1x(-)
3 <<1s | 0.91s 17 10 7 7X(+), 8x(0), 2x(-)
4 <<1s | 1.43s 15 8 5 3x(+), 10x(0), 2x(-)
5 <<1s | 2.00s 18 6 1 1x(+), 15x(0), 2x(-)

Table 3: Runtime results and modification effort for autaoadly generated designs.

requires a high effold.

Anyway, the quality of a generated design can also be natficectly, by quantifying its “dis-
tance” to a design solution created by a human expert. Irctinsection, the term “distance”
stands for the real modification effort that is necessaryaonsform the machine solution into
the human solution. The experimental results presenteukifiailowing table describe such a
competition. The underlying experiments have been peddrivy Hoffmann (1999); a more
detailed discussion of evaluation concepts as well asegfatoblems can be found at the same
place.

Description of the table columns:
e Axes numberDescribes the number of axes of each test set; a test seirb@aqueries.
e Retrieve.Average time of a retrieve step in seconds.
e ReuseAverage time of a reuse step in seconds.
e sim > 0.8. Number of generated designs with a similagiy).8.
e sim > 0.9. Number of generated designs with a similagiy).9.

e Simulation O.K.Number of generated designs whose simulation resultsl ftigl de-
mands of the query.

e Expert modificationEvaluation of a human expert. In this connection a (+), agoll a
(-) designate a small, an acceptable, and a large modificeffiort necessary to transform
the machine solution into a solution accepted by the humparéx

Test environment was a Pentium Il system at 450 MHz with 128rivlBn memory; the oper-
ating system was Microsoft Windows NT 4.0.

5 SUMMARY

This paper deals with the automation of fluidic circuit designderlying working hypothesis

is the principle of functional composition, which claimsatra fluidic design process can be
emulated by two transformation steps. The first step realize mapping from the demands
on the hydraulic functiond) — F’; the second step realizes the mapping from the hydraulic
functions onto the hydraulic syste,— S.

4Characterizing properties include: number of componeetmbility, cost, effort for setting into operation,
effort for maintenance, degree of standardization, fptdtaeness.



Main contribution of the paper is the presentation of cote#dyat operationalize the stép—

S by means of case-based reasoning methods. These methedsdeavoperationalized within
a design assistant and compared to design solutions frormarexpert, where they showed
fairly good success.

Clearly, the principle of functional composition is a sinfied view to the fluidic design process
since it neglects the holistic view of the human designeraAsnsequence, an automatically
generated design solution will often be suboptimum respgd¢he desired demands. Any-
way, following aspects should be considered:

1. The principle of functional composition makes an auteomadf the design process pos-
sible.

2. An automatically generated design can be used as a gtpdint for the human designer.

3. The presented case-based design approach is adaptevea3é base can be enlarged, it
may accommodate more sophisticated solutions, and, asse@oence, the case-based
design algorithm will improve in its behavior.
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