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Abstract

Concurrent Engineering (CE) in an impor-
tant facet of Enterprise Integration. Galileo3
is a language for constructing interactive de-
sign advice systems for CE, based on a gener-
alization of constraint processing. We briefly
overview the language, emphasizing the fea-
tures which we believe make it especially suit-
able for constructing applications to support
task coordination in CE. Then we provide
an example interaction with a typical ap-
plication program written in the language;
this example scenario shows how an advi-
sor written in Galileo3 supports coordination
among multiple engineers who are interested
in different aspects of a product life cycle.
Galileo3 runs on IBM PS/2 workstations un-
der DOS. Earlier versions of Galileo have run
on DEC Ultrix workstations and a future port
of Galileo3 to this environment is planned.

1 Introduction

Concurrent Engineering (CE) is an important aspect
of Enterprise Integration. CE is an approach to prod-
uct development which takes into account not just the
functionality intended for an artifact but also other
aspects of its life-cycle such as its manufacturability
and testability [11; 12; 13; 14; 15]. One way to man-
age the large systems of sometimes competing require-
ments that arise in CE is to use product development
teams. The deployment of such teams, however, often
presents many logistic and scheduling difficulties [16;
17]. In addition, as the design evolves, the number of
concerns can grow quickly beyond what even a team
can successfully manage.

To facilitate coordination in CE, what is needed is
an Intelligent Networked Colocation Advisor (INCA)

which not only relieves the logistic and scheduling dif-
ficulties but also reduces the problem complexity per-
cived by team members. Our objective is to develop a
generic software tool for building such systems.

Galileo3 is the latest in a series of languages that
have resulted from this research. Galileo3 is a generic
language for constructing constraint-based INCA sys-
tems for CE. Systems have been written in Galileo3
and its predecessors (Leo [8], Galileo [10] and Galileo2
[6]) for a variety of areas, ranging from electronics[2; 3;
4; 6; 8; 10] to buildings[7] to fiber-reinforced composite
materials[1]. These systems act as clearing houses for
ensuring the consistency of decisions that are made by
engineers who are concerned with different phases of
the product life-cycle.

Galileo3 runs on IBM PS/2 workstations under
DOS. Earlier versions of Galileo have run on DEC Ul-
trix workstations and a future port of Galileo3 to this
environment is planned.

In Section 2, we briefly review the constraint-based
approach to knowledge representation for CE. In Sec-
tion 3, we provide an overview of the Galileo3 language,
emphasizing those features which make it suitable for
supporting task coordination. In Section 4, we illus-
trate the language in action, by presenting extracts
from a series of interactions with a application system.
In Section 5, we present our conclusions.

2 Constraint Networks

Research [1; 2; 3; 4; 6; 8; 10; 7] has shown that frame-
or object-based 1 constraint networks are a suitable ba-
sis on which to build a language for CE applications. A
constraint restricts the values that may be assumed by

1The term frame used in the AI literature has much in
common with the term object used in the Object Oriented
Programming literature. Frames are passive objects which
do not pass messages. Like objects, frames are data struc-
tures which can be organized in a hierarchy, with frames at
one level inheriting attributes from their ancestors in the
hierarchy.



a group of one or more parameters. A constraint net-
work is a set of constraints, which are interconnected
by virtue of sharing parameters. A frame-based con-
straint network is one in which parameters are not re-
quired to be scalars; instead, they can be either scalars
or frames – complex data objects which can be orga-
nized in an inheritance hierarchy.

In a frame-based constraint network, frames can be
used to represent: the artifact being designed; the com-
ponents from which the artifact is configured or the
materials from which it is made; and the life-cycle en-
vironment in which the artifact will be manufactured,
tested and deployed. Constraints can be used to ex-
press in an explicit way the mutual restrictions ex-
erted on each other by artifact functionality, compo-
nent/material properties, and life-cycle processes.

A major attraction of constraint networks for CE
is that constraints support multi-directional inference:
information can flow in any direction through a net-
work. Thus, for example, the impact of a design de-
cision on the options available to a test engineer can
be determined by propagating the design decision and
its consequences throughout the network. Equally, if
testing decisions are made early on, the impact of these
decisions can be reflected in restrictions placed on the
designer’s freedom. By supporting multi-directional
inference, one constraint network can support both of
these forms of interaction with equal ease.

3 Galileo3

3.1 Program Structure in Galileo3

A program in Galileo3 specifies a frame-based con-
straint network and comprises a set of declarations and
definitions. Galileo3 is upwardly compatible with its
predecessors; thus, any program that is well-formed in
Leo, Galileo or Galileo2 is also well-formed in Galileo3.

The declaration statements include declarations of
the parameters that exist in the network and the con-
straints that exist between these parameters. The def-
inition statements include definitions for: partitions
which divide the network into different regions that
may be seen by different classes of user; application-
specific domains, functions, and relations that are used
in constraint declarations; and icons for application-
specific domains, if it is intended to present certain
regions of the network to users graphically rather than
textually, a textual presentation being the default.

Consider, for example, the Galileo3 statements given
in Figure 1. These are extracts from a program, which
is called KLAUS2, that was built to assist in the con-
current engineering of printed wiring boards (PWBs).
KLAUS2 provides intelligent networked colocation for

1 ’the facility where the board will be tested’(the-test-facility)

: test-facility.
2 domain test-facility =::=

(’the name of the equipment at’(name) : tester-name,
’the maximum clock frequency testable at’(maxfreq) : frequency,
’the maximum number of test points testable at’(maxtpoints)

: counter).
3 domain tester-name =::= (dynatest1,dynatest2,erdsys,

radicon1,radicon2).
4 domain frequency =::= (X : number(X) and 3 =< X =< 40).

5 domain counter =::= (X : integer(X) and X >= 0).
6 domain component =::= (’the type of’(type) : component-type,

’the number of leads on’(nleads) : counter).
7 domain component-type =::= (processor,dsp,comm-controller,divider,

crystal,resistor,capacitor,diode).
8 domain ’crystal oscillator’(osc-crystal) =::=

(X : component(X) and X.type=crystal and
exists(X.’the oscillation frequency of’(freq) : positive)).

9 domain ’frequency divider’(divider) =::=
(X:component(X) and X.type=divider and ... ).

10 domain cpu =::= (X:component(X) and X.type=processor and ... ).
11 domain resistor =::= (X:component(X) and X.type=resistor and ... ).
12 all X : component(X) and X.type in (processor,comm-controller,dsp)

implies exists(X.’the oscillator for’(crystal) : osc-crystal) and
exists(X.’the pullup resistor for’(pullup) : resistor).

13 all X : osc-crystal(X) and the-test-facility.maxfreq < X.freq
implies exists(X.’an ancillary divider for’(anc-divider) : divider).

14 field ’the circuit designers perspective’(configuration) =::=
(X : component(X)).

15 field ’the perspective taken by test engineers’(testability) =::=
(the-test-facility).

16 permission((X:component(X)),configuration).

Figure 1: Extracts from a Galileo3 program.

several members of the design team, including design-
ers, manufacturing engineers, and test engineers. In
considering these extracts from KLAUS2, we will see
how the differing perspectives of each team member
are supported. Later, in Section 4, we will see how
KLAUS2 provides system-mediated negotiation when
the differing perspectives of these users cause them to
make conflicting decisions. For further information on
KLAUS2, see [3].

In a Galileo3 program, statements can be written in
any order, although good software engineering practice
dictates that some agreed standard ordering be used,
in order to facilitate program maintenance. In Fig-
ure 1, we have taken advantage of this free-ordering
by listing the statements in an order which facilitates
discussion in this paper; in KLAUS2 itself, however,
the statements are ordered differently. Although the
statements are numbered in Figure 1, this is purely for
the purposes of exposition; the numbers are not part
of the program text.

3.2 Representing the PPO Model

In Galileo3 programs, frames are used to repre-
sent the Product, Process and Organization (PPO)
model. Consider, for example, statement 1,
which declares the existence of a parameter called
the test facility and specifies that it is of type,
or domain, test facility. The string delimited by
apostrophes is a long synonym which specifies the
name by which the parameter will be referenced in all
output given to users of the program.



Statement 2 defines the application-specific domain
test facility. This specifies that a test facility is
represented by a frame containing three slots. For
each slot, we specify its name, its long synonym
and its domain. In output given by the system to
users, the long synonyms of the slots in a frame are
concatenated with the long synonyms of the frame-
valued parameters. This can be seen in Figure 2,
where the slots of the the test facility parame-
ter are presented in a scrollsheet; thus, for example,
the slot the test facility.maxfreq is named as the
maximum clock frequency testable at the

facility where the board will be tested.

[ ]Help [ ]File [ ]New [ ]Utilities [ ]Search
[ ]Up [ ]Down [ ]Focus [ ]Toggle
[ ]the name of the equipment at the facility where the erdsys

board will be tested
[ ]the maximum clock frequency testable at the facility 9.8

where the board will be tested
[ ]the maximum number of test points testable at the 200

facility where the board will be tested

>>>

KLAUS2 - a PWB Design Advisor (Testability)

Figure 2

The constituent slots of a test facility frame,
as specified in statement 2, have scalar application-
specific domains. These are defined in statements 3, 4
and 5. Notice that, while scalar domains may be de-
fined extensionally by listing each possible value (state-
ment 3), they may also be defined intensionally by
specifying an appropriate logical formula (statements
4 and 5).

Frame-based inheritance is illustrated in statements
6, 7, 8, 9, 10 and 11. Statement 6 defines the frame
domain component; for simplicity, we give only two
slots, although in KLAUS2 this frame has many more
slots. Notice, from statement 7, that there can be
several different types of component. By using in-
heritance, frames for these different types of compo-
nent can be defined in terms of the generic component
frame. In statement 8, for example, it is specified that
an osc crystal frame, which is used to represent a
crystal oscillator, is a component frame which has the
value crystal in its type slot and which also has an
additional slot freq that represents the frequency at
which the crystal oscillates. In statement 9, a divider

frame, which is used to represent a frequency divider,
is specified to be a component frame in which the type

slot has the value divider and which has several other
slots – these additional slots are not specified here,
however. A cpu frame is defined similarly in statement
10, and a resistor frame in statement 11.

3.3 Life-Cycle Interdependencies

In Galileo3, constraints are used to represent the mu-
tually restrictive influences that the different parts of
the PPO model exert on each other.

In Galileo3, any sentence (atomic, compound or
quantified) in logic is a well-formed constraint. In Fig-
ure 1, statements 12 and 13 are universally quantified
constraints. Statement 12 specifies that any parame-
ter of domain component which is used to represent a
CPU, a communications controller or a digital signal
processor device, must have an extra slot to represent
the oscillator which drives the device and a further slot
to represent a pullup resistor.

Statement 13 specifies that if any crystal is oscil-
lating faster than the maximum clock speed that is
testable by the test facility then the crystal must have
an ancillary divider circuit. Although Galileo3 sup-
ports both universal and existential quantification, the
exists symbol in statement 13 is not an existential
quantifier. In Galileo3, conditional existence of pa-
rameters and of parameter slots is based on free logic
[5]; the exists token in statement 13 is a free logic
existence specifier.

3.4 Multiple Perspectives

Galileo3 enables constraint networks to be divided into
(possibly overlapping) regions called fields of view. A
field of view is that region within a constraint network
that is currently important to a user interacting with
the network. A field of view can be either global or
local. The global field of view consists of the entire
constraint network. A local field of view contains only
a subnetwork. Each field of view contains all the pa-
rameters that are of interest to the user, as well as all
constraints which reference these parameters.

We define a field of view by specifying the set of
parameters which it contains. In Figure 1, for ex-
ample, we define two of the fields of view that are
provided by the KLAUS2 application. Statement 14
defines a configuration field of view, which will be
seen by a circuit designer, and specifies that it con-
tains the set of all parameters of domain component .
Statement 15 defines a testability field of view and
specifies that its set of parameters contains just one,
the test facility.

3.5 Multiple Interface Styles

Different fields of view can be presented to their users
through different styles of interface. In the KLAUS2
application, for example, the testability field of view
is presented through a scrollsheet interface (Figure
2), while the configuration is presented through a
feature-based CAD interface in which each parameter



in the field of view is seen by the user as an icon on the
CAD drawing (Figure 3). Although the specification
of these different types of interface is a simple matter
in Galileo3, detailed discussion is beyond the scope of
this paper.

3.6 Representing Design Decisions

Galileo3 programs are interactive. A user can in-
put additional constraints, to represent his design de-
cisions. Thus, for example, if a test engineer de-
cides decides to use an Erdsys tester, he can indi-
cate this decision by inputting the following constraint:
the test facility.name = erdsys. (In fact, the test
engineer does not have to type this constraint — it
can be input by using a mouse to select appropriate
options in a series of pull-up menus; the test engineer
need never know about such “unfriendly” names as
the test facility.name.) A user can also input ad-
ditional parameters. Thus, for example, a circuit de-
signer interacting with the KLAUS2 application can
introduce new parameters to represent various parts
of his evolving circuit. To introduce a CPU, for ex-
ample, he can either introduce a parameter of domain
component and specify that the type slot of this pa-
rameter has the value processor or he can introduce
a parameter of domain cpu, which amounts to doing
the same thing.

CPU

Xstal

F1-New F4-Move F5-Zap ESC-Main ENTER-Select
KLAUS2 - a PWB Design Advisor: (Configuration Perspective)

Figure 3

In Galileo3, we can specify which users of an ap-
plication that supports multiple fields of view are al-
lowed to introduce new parameters and what classes
of parameters they are allowed to enter. Statement
16 of Figure 1, for example, specifies that users of the
configuration field of view are allowed to introduce
parameters of domain component or of any domain
(such as osc crystal, divider, resistor or cpu) that
is a sub-class of the component domain.

3.7 Supporting User Queries

As well as specifying information by introducing new
parameters and new constraints, a user can ask for in-
formation. He can, for example, ask for the range of al-

lowable values for any of the parameters in a network.
He can also ask for justifications for these ranges —
whenever the range of allowable values for a parameter
is reduced by a constraint, the rationale for this reduc-
tion is noted by the run-time system as a dependency
record which can be accessed later for justification pur-
poses. A user can always withdraw any constraint or
parameter that he has added. Thus, by introducing
and withdrawing constraints and parameters, the user
can investigate “what if” scenarios.

4 An Example Scenario

To illustrate how programs written in Galileo3 sup-
port task coordination in CE, we will show how the
KLAUS2 application that we considered above sup-
ports interaction between several members of a PWB
design team, including designers, manufacturing engi-
neers, and test engineers. We will see how the differing
perspectives of each team member are supported, and
how KLAUS2 provides system-mediated coordination
between team members when their perspectives lead
to conflicting decisions.

Several points deserve emphasis about this scenario.
First, this scenario presents only one of very many
possible orders of interaction with KLAUS2. Second,
we show only a few steps in this interaction. Finally,
although the figures in this document are not actual
screen dumps, KLAUS2 and Galileo3 are fully imple-
mented, and these figures faithfully represent the vari-
ous interfaces presented to the manufacturing, testing,
and design users.

In the following scenario, we assume that the project
leader has set up a database entry for a new project.
We take up the story when the test engineer, who in
this case is the first team member to make some de-
cisions about this new project, starts to interact with
KLAUS2 about the project. Figure 2 shows the inter-
face presented by KLAUS2 to the test engineer after
he has selected the test equipment to be used for the
project. The largest window in this screen is a single-
column spreadsheet, or “scrollsheet,” in which each cell
occupies one or more lines.

Suppose the manufacturing engineer also interacts
with KLAUS2 before circuit design begins. Fig-
ure 4 shows the results of his decisions about the
drilling and assembly equipment to be used. No-
tice that the parameters representing the number of

chosen hole sizes and the list of chosen hole

sizes are not yet bound because their values depend
on choices not yet made by the board designer.



[ ]Help [ ]File [ ]New [ ]Utilities [ ]Search
[ ]Up [ ]Down [ ]Focus [ ]Toggle
[ ]the name of the drilling machine bransch2
[ ]the magazine size of the drilling machine 2
[ ]the list of standard drill sizes for the {0.04,0.045,0.05,

drilling machine 0.055,0.06,0.065}
[ ]the list of chosen hole sizes
[ ]the number of chosen hole sizes
[ ]the name of the assembly robot yotsui19
[ ]the insertion oversize needed by the 0.016

assembly robot
>>>

KLAUS2 - a PWB Design Advisor (Manufacturing)

Figure 4

Figure 3 shows the perspective of the circuit de-
signer. Notice that this perspective provides a feature-
based CAD interface rather than the scrollsheet inter-
faces provided to the test and manufacturing engineers.
The drawing in this screen represents the circuit after
the designer has introduced a CPU, and KLAUS2 has
used its constraint information to induce automatically
the need for an associated pullup resistor and oscil-
lating crystal, and the designer has decided to accept
these suggested components as part of his design.

Suppose that the designer, having accepted the crys-
tal, specifies that it should oscillate at 25 Mhz. Now,
however, the constraint in statement 13 of Figure 1
comes into play and, because 25 Mhz exceeds the max-
imum testable frequency of 9.8 Mhz specified earlier by
the test engineer (Figure 2), the system introduces an
ancillary divider circuit for this oscillator. The result
can be seen in Figure 5, where KLAUS2 is suggesting
that the new component on the screen should be added
to the circuit.

Dvdr

CPU
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Figure 5

The designer is surprised by the introduction of
this component, so he asks KLAUS2 to justify it.
In KLAUS2’s explanation (Figure 6), the constraint
given above, which introduced the component, is para-
phrased in natural language.

Justification
an ancillary divider for the oscillator for the cpu exists
because of the following constraint

(38) every crystal oscillator must satisfy the following:
if the maximum clock frequency testable at
the facility where the board will be tested <
the oscillation frequency of the crystal oscillator
then an ancillary divider for the crystal oscillator
must exist and must be a frequency divider;

and because of the following parameter value(s):
the maximum clock frequency testable at the facility where

the board will be tested = 9.8;
the oscillation frequency of the oscillator for the cpu = 25.

the maximum clock frequency testable at the facility where the board will
be tested was established according to the perspective taken by
test engineers.

the oscillation frequency of the oscillator for the cpu = 25
because you said so.

Figure 6

Despite this justification, the designer decides to re-
ject this ancillary component. Now, however, the con-
straint which wanted to introduce the ancillary divider
is violated, leading to the message shown in Figure 7.

VIOLATION:
an ancillary divider for the oscillator for the cpu
should exist, but is prohibited.

SUGGESTIONS:
(1) Retract the constraint

(104) an ancillary divider for the oscillator for the cpu
should not exist.

(2) Disable the constraint
(38) every crystal oscillator must satisfy the following:

if the maximum clock frequency testable at
the facility where the board will be tested <
the oscillation frequency of the crystal oscillator
then an ancillary divider for the crystal oscillator
must exist and must be a frequency divider.

(3) Change the oscillation frequency of the oscillator for the cpu.
(4) Request that, in the perspective taken by test engineers,

a change be made to
the maximum clock frequency testable at the facility where
the board will be tested.

Figure 7

Choosing among the suggestions offered in this mes-
sage, the designer decides to disable constraint (38).
However, this constraint also refers to a parameter in
the test perspective, so the decision to disable the con-
straint must be accepted by the test engineer. When-
ever a user disables a constraint other than one he pre-
viously asserted himself, he is required to enter a free-
text explanation of his action, which is saved for possi-
ble use in a design audit. These free-text explanations
are also used as a form of email in system-mediated in-
teraction between users of different perspectives when
they make conflicting decisions.

When the test engineer next logs into KLAUS2, he is
told that a constraint of interest to him was disabled
by another user. Checking on this, he calls up the
design state from the database. The system tells him
which constraint was disabled and produces the free-
text explanation given by the circuit designer.

The test engineer decides that he is unwilling to al-
low this constraint to be disabled because of the dif-
ficulty in testing that would result. However, to com-



promise, he changes the test equipment to one which
is able to handle a frequency of 25 MHz. After mak-
ing this change, the test engineer reactivates the dis-
abled constraint (38). Because of the higher frequency
testable by the test equipment, the re-enabled con-
straint does not attempt to re-introduce an ancillary
divider circuit, so no constraint violation occurs. The
test engineer saves the new design state and starts to
work on another project.

When the circuit designer next logs in, he is told
that the test engineer has re-enabled the constraint
but, since the unwanted divider circuit has not reap-
peared, the designer is content.

Suppose, however, that no such easy compromise
was possible. For example, the designer might have
selected an oscillation frequency that exceeded even
the upper limit of the fastest available tester. In this
case, the test engineer and designer will successively
disable and reenable their shared constraint (38), of-
fering free-text explanations to each other until one or
the other gives way or appeals to the project leader.
In this case, the test engineer could give give way by
deciding to build a special divider test fixture; the cir-
cuit designer could give way by using a lower oscillation
frequency.

5 Conclusions

Constraint networks provide an attractive technology
for building systems to support coordination in CE.
Constraints can represent a rich variety of interre-
lationships among hierarchically organized structured
objects. Constraint networks allow information to flow
in any direction through the network, and thus neither
impose an a priori order of interaction nor prejudice
the system towards one particular design methodology
at the expense of the alternatives.

It is often thought that constraint networks are only
good for parametric design. They are frequently be-
lieved to be incapable of handling structural, or archi-
tectural, design. This is a fallacy arising from a view
of constraints that is too limited. As we have seen, in
an interactive session with a constraint-based CE advi-
sor, the user can specify any architecture he wants by
introducing new parameters to represent his evolving
architecture. In addition, constraint networks based
on free logic [5] can autonomously add new parame-
ters, which means that network-based CE systems can
advise their users when it would be appropriate to add
new components or processes to the evolving design of
the product or its life-cycle.

We have seen how constraint networks are capable
of supporting cooperation between different users of a
system that provides intelligent networked colocation.

We recognize that the simple form of iterative media-
tion that was illustrated in Section 4 constitutes only
the beginning of a facility for negotiation support. In-
deed, more comprehensive support for negotiation con-
stitutes a major task in our ongoing research.
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