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Abstract zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

ParMan combines the use of agent communication 

protocols, constraint logic programming, and a graph- 

ical presentation interface to yield an intelligent para- 

metric design tool supporting collaborative engineer- 

ing. This provides one of the first complete, end-to- 

end applications of distributed knowledge-level com- 

munication among engineering tools, as envisioned by 

PACT (Cutkosky et al. 1993). In addition, it repre- 

sents a significant extension of parametric design to a 

distributed setting. This paper describes the under- 

lying technologies of ParMan, based on CLP(R), the 

Knowledge Query and Manipulation Language, and 

knowledge-based facilitation agents. 

IEntroduction 

Parametric design is a common and important class of 

design. Numerous systems and approaches have been 

developed to address this problem (Bouchard 1992; 

Frayman & Mittal 1987; Kolb 1989), but they have 

largely ignored a fundamental issue: the constraints 

typically come from multiple sources, making para- 

metric design a collaborative task. ParMan is a dis- 

tributed parameter management system that addresses 

this basic omission by coupling a parametric design 

tool, based on constraint logic programming (Jaffar & 

Lassez 1987; Jaffar et al. 1992), with an agent-based 

collaborative engineering infrastructure (Cutkosky zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAet 

al. 1993; McGuire et al. 1993). The merged func- 

tionality is presented to the user in a highly intuitive 

fashion via a specialized graphical user interface. The 

result is an intelligent parametric design tool support- 

ing collaborative engineering. 

Ironically, just as ParMan introduces collaboration 

into parametric design, it proposes a much needed pro- 

cess for the agent-based engineering community. Work 

on agent infrastructures for engineering has brought 

previously isolated tools on-line, allowing a high degree 

of knowledge sharing among design tools. However, 

the technology for controlling such highly integrated 

tools has not kept pace with the integration technology. 

When should changes be transferred to the network of 

agents: as they are made, at some intermediate check 

point, upon file saving, or upon version update? Par- 

Man provides an interface for controlling when various 

aspects of the local design are made public, in addition 

to providing a means of specifying and testing para- 

metric constraints. Thus, ParMan provides one of the 

first systems to support the design process by utilizing 

distributed yet highly integrated tools. 

There is a growing body of work in collaborative en- 

gineering design systems and distributed AI such as 

(Birmingham et al. 1993; Pan & Tenenbaum 1991; 

Petrie 1993; Saad & Maher 1993; Sriram 1993; We- 

ber et al. 1992; Werkman 1992). ParMan is no- 

table in that it emphasizes parametric design as the 

single formal model for collaboration. Work on in- 

telligent software agents, such as (Dent et al. 1992; 

Maes & Kozierok 1993) is similar in spirit, but these 

systems tend to emphasize autonomy and learning in- 

stead of communication among agents. In this re- 

spect, the area of computer supported cooperative 

work (Reeves & Shipman 1992: Stefik et a2. 1987) is 

very relevant. 

Throughout this paper, the term “agent” is used 

to refer to a semi-autonomous participant in a dis- 

tributed design scenario. Agents typically are not 

stand-alone software systems, but consist of a tool and 

a human user. Agents are semi-autonomous in that 

they act spontaneously and dynamically according to 

local goals, yet they must contribute to the joint prob- 

lem solving effort, so they cannot act without consid- 

eration of other agents. 

The remainder of this paper is organized as follows: 

the next section gives a user view of ParMan, focusing 

on an example. Next, a system view of ParMan is pre- 

sented, covering algorithms and implementation issues. 

Finally, we evaluate ParMan based on experiments in 

several domains. 

User View 

An engineer uses ParMan to define and analyze con- 

straints over a set of parameters. As parameters and 

constraints are entered, ParMan interacts with other 

agents, maintaining a distributed constraint set that is 

presented back to the local user. Other agents are usu- 
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Figure 1: Each participant in the design task uses Par- 

Man to communicate constraints on specific parame- 

ters. 

ally ParMan users as well, but the underlying protocols 

are quite general, allowing any conformant software 

system to participate. Thus, ParMan may interact 

with a broad range of CAD tools, either autonomous 

or human guided, as long as they can communicate 

parameter constraints. 

ParMan is illustrated via an example from the Lock- 

heed FSAT (Frugal Satellite) program, an effort to 

design a simple, inexpensive, reusable satellite. The 

satellite consists of a simple tubular bus with a pay- 

load. Imagine an Integrated Product Design (IPD) 

team working on the conceptual design of the satel- 

lite. The team consists of several participants: a sys- 

tems engineer, a bus designer, and a payload designer. 

Each participant has specific interests, shown in Fig- 

ure 1 (the Matchmaker, described in the Agent Inter- 

face section, is used by ParMan to route messages). 

ParMan aids in the conceptual design of the satel- 

lite as follows. First, the engineer uses the Project 

Selector to choose from a list of all projects that are of 

interest to members of the design team (see Figure 2). 

The list is populated dynamically by the distributed 

set of ParMan users, consistency being maintained by 

the exchange of KQML messages such as advertise, 

subscribe, tell, and ask (see the Agent Interface sec- 

tion). Thus, all users are kept apprised of all projects 

and can collaborate on any or all of them. In the ex- 

ample at hand, each team member selects the FSAT 

project. 

Once a project is selected, each team member uses 

the Parameter Graph Editor to define a set of parame- 

ters of specific interest (also in Figure 2). The graphi- 

cal structure allows the user to define components and 

associate parameters with those components. When a 

parameter or component is placed in the graph, Par- 

Man asserts its existence to the other agents (users 

may also define private parameters). Upon receipt of a 

parameter assertion, ParMan adds it to the Parameter 

Graph Editor, using a different color from that used 

for parameters specified by the local user. This allows 

the user to identify forgotten or inconsistently-named 

parameters. 

From the Parameter Graph Editor, each user selects 

a subset of the parameters to be displayed in the Pa- 

rameter Table, a worksheet of parameters relevant to 

his aspect of the design (see Figure 3). Notice that 

the hierarchical namespace implicit in the Parameter 

Graph Editor is carried over to the Parameter Table. 

The user can now begin defining constraints over the 

parameters in the Parameter Table. These constraints 

are expressed in ParMan’s Constraint Language, which 

includes standard infix arithmetic constraints and an 

extensible set of predicates. Constraints are entered 

via the Constraint Editor (also shown in Figure 3)) 

which is brought up by selecting a Parameter Table 

cell. Equality constraints (e.g., bus.Zength = 3~71) ap- 

pear as entries directly in the Parameter Table; other- 

wise, “***” appears. As constraints are entered, Par- 

Man looks for inconsistencies among the constraints 

and indicates them by displaying the associated cells 

in red. 

Constraints entered by the user are reflected in the 

center column, which represents the user’s local con- 

straints. There are also right and left columns (the 

left constraint column is collapsed in the figure), which 

represent constraints shared with other agents (those 

“to the right” and “to the left,” as described below). 

The arrow columns between constraint columns con- 

trol when and how constraints are propagated between 

columns. The arrow columns on the far right and left 

similarly control when and how constraints are adver- 

tised, subscribed, asked, and told to other agents. 

At any point, the user may choose to share his con- 

straints with other agents. He can also ask to be kept 

informed about any constraints that other agents place 

on selected parameters. This is a two-step process: 

first the user turns on advertisement and subscription 

via the arrows in the right-hand column, which ex- 

presses ParMan’s commitment to answer questions and 

receive updates about parameter constraints. Next, 

the user controls which constraints are actually shared 

by propagating (via an interior column of arrows) the 

constraints to the right-hand column. If advertisement 

is turned on, those constraints present in the right- 

hand value column are sent to the network of agents. 

If subscription is turned on, constraints arrive from 

other agents and are added to the set of constraints 

in the right-hand column, and the consistency of the 

expanded set of constraints is tested. If there is an 

inconsistency among this distributed set of constraints, 

ParMan displays the cell for each parameter involved in 

the inconsistency in yellow (recall that if a local conflict 
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Figure 2: The Project Selector and Parameter Graph Editor permit users to collaboratively define projects and 

parameter spaces. 

is detected, the cells turn red, since local conflicts are 

considered more serious). The entire set of constraints, 

those defined locally and those defined by other agents, 

can be observed by expanding the “right constraints” 

region in the Constraint Editor (see Figure 3). 

ParMan provides several tools to aid conflict res- 

olution. The Constraint Grapher, shown in Figure 4, 

presents a graphical display of the parameters and con- 

straints, with links connecting related parameters and 

constraints. Constraint nodes are presented in green if 

the constraint is satisfied. Red is used to indicate con- 

straints that are in direct conflict. Yellow is used to 

indicate constraints that participate in a conflict, but 

cannot be directly implicated. In Figure 4, the shaded 

nodes would appear in red. 

The Constraint Grapher is valuable in isolating 

problems and finding solutions, even across multiple 

users. In our example, the bus designer notices that 

there is a problem centered around the strength of the 

bus (the red shading draws his attention to those con- 

straints). He might be tempted to try different ma- 

terials to overcome the strength limitation, but the 

bus.materiaZ.type node is not highlighted, indicating 

that choice of material has no bearing on the problem 

at hand. (The constraint checker determined that all 

other materials have problems as well: composite con- 

struction is too expensive and alloy construction is too 

heavy.) 

Noticing that a constraint on bus.Zength, supplied by 

the payload designer, does participate in the problem, 

the bus designer calls the payload designer to see if the 

constraint can be loosened. This is acceptable to the 

payload designer, so she loosens the constraint on the 

bus length, which is automatically communicated be- 

tween the ParMan agents. The bus designer’s ParMan 

checks the new constraint set, determines that there is 

no longer a conflict, and removes all the highlighting in 

the Parameter Table. In this manner, ParMan not only 

provides automated constraint analysis, it also serves 

as an excellent visualization and collaboration tool. 

Thus far in our example, parameters have only been 

propagated to and from the “right.” ParMan also in- 

cludes a symmetrical “left” side, which is typically used 

for communication with a CAD tool. In our example, 

the user could have a rigid-body dynamics tool that, 

given the payload mass and slew rate, computes the 

force exerted on the mounting. In this case, the user 

would advertise mass and slew rate to the left, and sub- 

scribe to force from the left. (Since our example does 

not include such a dynamics tool, we approximate force 

via the simple formula shown). 

ParMan includes several other facilities not illus- 

trated in this example: a constraint solver, which at- 

tempts to find a closed form solution to the set of con- 

straints; a Constraint Tester, which allows the user 

to drag individual constraints into a test region to iso- 

late problems; a clique finder, which separates the con- 

straints into independent sets; and a units converter, 

which is used implicitly in the example above, and can 

also be called explicitly. 

From a more global perspective, there are several 

modes of use spanning two dimensions: use with or 

without a tool, and with or without an external agent 

network. As illustrated above, ParMan can be used 

without a tool if the user has constraints for, or man- 

ually computes all parameters. The addition of a tool 

simply automates aspects of this process. ParMan is 

useful in the absence of other agents if the user simply 

wants to trade-off local parameters under local con- 

straints. The addition of other agents makes the para- 

metric design problem distributed and collaborative. 

ParMan may, in fact, be used in several modes 
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Figure 3: Parameters and simple constraints are displayed on the Parameter 

for each parameter are entered and viewed via the Constraint Editor 

Table, more complicated constraints 

throughout the life of a single project. In the early 

stages of a project, a single user might experiment lo- 

cally with various parameter settings. As he becomes 

confident about some of his choices, he may advertise 

his parameters and begin to collaborate and negotiate 

with other designers with ParMan’s support. As the 

design evolves, initial rough estimates may be refined 

by incorporating design tools into the process. 

System View 

ParMan is implemented in Tcl/Tk, utilizing CLP(R) 

for constraint computation, and the SHADE agent in- 

frastructure for communications. Each of these is de- 

scribed below. 

Agent Interface 

The collaborative aspect of ParMan is built on research 

underway in the area of agent-based, knowledge-level 

engineering communications (Cutkosky et al. 1993; 

McGuire et al. 1993). Much of this work has focused 

on four basic problems: developing an adequate knowl- 

edge representation to serve as an interlingua; devel- 

oping a vocabulary, or ontology, that defines the terms 

used in communication; developing an agent speech 

act protocol; and developing a set of facilitation agents 

that improve communication among end-user agents. 

ParMan is designed to work with one set of solu- 

tions to these problems, corresponding to the SHADE 

architecture (Kuokka et aZ. 1993). Specifically, Par- 

Man uses KIF (Knowledge Interchange Format (Gene- 

sereth & Fikes 1992)) as its interlingua, although other 

representations such as Step/Express, IS0 10303, are 

being explored. KQML (Knowledge Query and Ma- 

nipulation Language (Finin et al. 1992)) is used as the 

speech act language, which carries the embedded KIF 

sentence. Furthermore, ParMan assumes the existence 
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of a Matchmaker (Kuokka et al. 1993), a facilitator 

that matches and routes advertisements and subscrip- 

tions among the set of cooperating agents. 

Even though ParMan assumes a very basic ontol- 

ogy for communicating parameter existence and con- 

straints, it does not depend on the existence of an on- 

tology for the engineering domain. Instead, the Project 

Selector and Parameter Graph Editor allow a dis- 

tributed set of users to define a vocabulary of projects, 

components, and parameters interactively. The Con- 

straint Language allows the users to define relation- 

ships among the components and parameters. This 

capability illustrates an incomplete but practical solu- 

tion to the semantic unification problem (Petrie 1992), 

and is critical to successful knowledge-level communi- 

cation among agents. Previous solutions have been 

centered around the definition of common data mod- 

els (e.g., STEP) and formal shared ontologies (Gruber 

1993). Both of these approaches require a high degree 

of a priori agreement among the participants, even be- 

fore the specifics of the problem are known. By con- 

trast, ParMan’s Parameter Graph Editor provides a 

very dynamic, albeit human-aided, approach. 

Looking more closely at the messages exchanged 

among ParMan agents in the example, when the user 

advertises his willingness to supply constraints on a 

particular parameter (e.g., bus.mass), the following 

messages are sent: 

(advertise :content 

(stream-about : language kif : content 

(mass (bus fsat)))> 

(advertise : content 

(subscribe : content 

(stream-about : language kif : content 

(mass (bus fsat>>))> 



Figure 4: The Constraint Grapher aids in the visualization of relationships among parameters and constraints. 

Conversely, when the user wants to hear about con- 

straints on a particular parameter, ParMan seeks to 

recruit all agents that might assert constraints on that 

parameter. This is achieved via the following messages: 

(recruit-all :content 

(stream-about :language kif :content 

(mass (bus fsat)>>> 

(recruit-all : content 

(subscribe :content 

(stream-about :language kif :content 

(mass (bus fsat>>>>) 

In each case, the first message (with top-level content 

stream-about) indicates a query/response modality. 

Stream-about is essentially a one-time query with the 

stipulation that replies are in the form of a stream. The 

second message (with top-level content subscribe) in- 

dicates a continuous update modality. 

These messages depend on a Matchmaker, which 

matches subscribes to stream-abouts and recruits 

to advertises. Upon finding a match, the Match- 

maker sends the appropriate subscription or query on 

to the advertising agent. By depending on the Match- 

maker, ParMan need not worry about sending the right 

message to the right place, it need only send it’s capa- 

bilities, interests, and assertions to the Matchmaker, 

which performs the appropriate message routing. 

Once a connection is made between an information 

producer and information supplier, specific constraints 

are then sent via messages of the form: 

(tell : content 

(< (mass (bus fsat) > (* 100 kg)) > 

Constraints are withdrawn via messages of the form: 

(untell :content 

(< (mass (bus fsat>> (* 100 kg))) 

ParMan depends heavily upon the agent communi- 

cations infrastructure being developed by projects such 

as SHADE. However, in return, it provides one of the 

first complete agent-based engineering tools to make 

extensive use of the infrastructure, providing valuable 

insights about useful protocols and necessary exten- 

sions. 

Constraint Solver 

The constraint checking of ParMan uses the CLP(R) 

language (Jaffar et al. 1992), which is an instance of 

the Constraint Logic Programming scheme defined by 

Jaffar and Lassez (Jaffar & Lassez 1987). ParMan ap- 

plies the basic CLP( R) en g ine in several different ways 

to implement the clique finding, conflict detection, and 

constraint simplification functions. Each of these is 

described below. Since engineering domains typically 

intermingle a number of different unit systems, all con- 

straints are converted to SI units before being passed 

to any of the constraint solving functions. This ensures 

that values are related accurately. 

The clique finder may be used by the user to simplify 

the parameter space, and it is used by the conflict de- 

tection algorithm as a preprocessor. A clique is a group 

of all parameters, such that each parameter is linked to 

each other parameter in the group, directly or transi- 

tively, by one or more constraints. Cliques are detected 
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by simply traversing the graph formed by taking the 

parameters as nodes and the constraints as links. 

Conflict detection is invoked whenever a constraint 

is added, deleted, or modified. ParMan first forms two 

sets of potentiaZ2y a$ected constraints. A constraint 

is said to be potentially affected by a modified con- 

straint if it contains parameters that are in the same 

clique as one or more of the parameters that occur in 

the modified constraint. The first set of potentially 

affected constraints consists solely of local constraints. 

The second set is the union of the first set and the 

potentially affected right and left constraints. 

Once the two constraint sets have been formed, each 

is passed separately to the constraint solver. Given 

a constraint set, CLP(R) successively adds the con- 

straints to a set of collected constraints, at each step 

determining whether the set of constraints has a solu- 

tion. If there is no solution, the system backtracks, 

trying alternative solutions to some of the previous 

constraints. If no solution can be found in the first 

set of constraints, the corresponding parameters are 

marked as locally inconsistent (and appear in red in the 

Parameter Table). If the first set is found to be consis- 

tent, the second set is tested by an identical method. 

If no solution can be found, the corresponding param- 

eters are marked as globally inconsistent (and appear 

in yellow in the Parameter Table). 

When an inconsistent set of constraints is displayed 

in the Constraint Grapher or in the Constraint Tester, 

a slight variant of the above procedure is used to de- 

termine the status of each constraint. A single set of 

constraints is formed. Initially, all constraints are la- 

beled as exonerated. An exoneration of a constraint is 

lifted if removal of that constraint from any inconsis- 

tent subset leaves the subset consistent. Next, all con- 

straints whose exonerations have been lifted are labeled 

as indicted. An indictment is lifted if removal of that 

constraint from one of the inconsistent subsets leaves 

that subset inconsistent. All constraints that remain 

unlabeled are now labeled as accused. Exonerated con-’ 

straints are displayed in green, accused constraints in 

yellow, and indicted constraints in red. 

Finally, constraint simplification proceeds in a man- 

ner similar to conflict detection. However, if the con- 

straint set is found to be consistent, the CLP(R) dump 

predicate is used to produce the simplified set of con- 

straints. 

Evaluation and Conclusions 

ParMan has been used on example problems in several 

domains: the FSAT domain, a bicycle design domain, 

and a meeting scheduling domain. In all cases, the 

users were geographically distributed (in separate of- 

fices). 

In each test, it is striking how the apparent com- 

plexity of the global problem was significantly reduced 

when distributed among multiple people. Distribution 

allows each user to focus on and ensure satisfaction of 

those constraints representing a single perspective. 

Once each user assumed his role, ParMan proved to 

be a very natural system for encoding and solving dis- 

tributed constraint satisfaction problems. Each user’s 

constraints were easily entered, and their propagation 

to other users as external constraints was simple and 

understandable. Flagging of conflicts by color coding 

also proved to convey the essential information with- 

out complexity. Finally, the facility to find a solution 

proved quite beneficial. In fact, in early tests with- 

out this facility, the users expressed concern that, even 

though the system indicated that there were no con- 

flicts, the solution was not readily apparent. 

Another problem was encountered with an earlier 

prototype which allowed only numerical parameters 

and algebraic constraints. This proved to be extremely 

limiting, as every domain had significant symbolic pa- 

rameters (e.g., material type) and extrinsic constraints 

(e.g., tables of material cost). As a result, ParMan’s 

constraint language was extended to permit symbolic 

constants and user-defined predicates. 

In many domains, ParMan’s clique finder divides 

constraints into subsets of manageable computational 

complexity. However, in domains where these sub- 

sets become large, performance of constraint testing 

and satisfaction may become a problem. The practical 

limitations of ParMan, and techniques to improve con- 

straint satisfaction efficiency are under investigation. 

The underlying agent communication infrastructure 

used by ParMan has been invaluable to the overall sys- 

tem. KQML provides the language by which agents 

coordinate the exchange of knowledge, and the Match- 

maker allows ParMan to route messages by content 

rather than by name of a responsible agent. 

Even though ParMan, in its current form, is quite 

promising, there are still several areas for improve- 

ment. The user interface does not yet allow direct 

editing of the constraint graph, and the interface to 

extrinsic constraints is still under development. Fi- 

nally, significant user testing by engineers is needed to 

further gauge the applicability of the basic parametric 

design paradigm. 

ParMan represents an integrated, cross-disciplinary 

contribution to three fields: artificial intelligence, en- 

gineering design, and human-computer interaction. 

From an AI perspective, it demonstrates and extends 

the use of CLP(R). Al so, it represents one of the most 

significant applications of emerging agent communica- 

tion techniques. In fact, the development of ParMan 

has resulted in several extensions to and clarifications 

of KQML and matchmaking. From an engineering per- 

spective, it represents a highly interactive, intelligent 

concurrent engineering paradigm, with an emphasis on 

practicality as a key requirement. And from a human 

computer interaction perspective, ParMan represents 

a general tool for knowledge-level computer supported 

collaboration, with emphasis on an intuitive interface 

to a complex task. 
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