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Abstract

Computer-aided process planning has been recognized as an important tool for coordinating the different operations
involved in making the product. While temporal knowledge is central to the design of efficient and reliable process
plans, little attention is given to the integration of process planning and temporal processing and reasoning. To fill the
void, we propose in this paper a practical approach, which is inspired by the framework of Temporal Constraint Sat-
isfaction Problem{TCSB, to integrate process planning and temporal reasoning. We show that a TCSP formulation is

a subset of a formulation using a reified temporal logic, and discuss the advantages of using such a restricted model. To
reflect more realistic process planning encountered in real manufacturing environments, we present a model, called
n-TCSP, which is a generalization of the TCSP framework. We envision the proposed temporal reasoning framework as
one of the modules in the evolving new intelligent computer-aided process planning.

Keywords: Temporal Reasoning; Temporal Constraint Satisfaction; Process Planning; Computer-Aided Process
Planning

1. INTRODUCTION material-handling equipment and machinesd assigns op-
erations to the selected production processes. Nevins and
Process planning is an activity within a manufacturing sysWwhitney (1989 suggest that, as part of the concurrent en-
tem that selects the sequence of operations and producti@jineering process, all possible production and assembly se-
processes needed to convert a part from one form to arguences should be considered during the design phase.
other. The initial specification is usually given in the form  The dominating approach in CAPP is to formulate the
of a predefined engineering diagram. The processes and oproblem of selecting an assembly sequence as a cost mini-
erations usually include tooling, fixtures and machinery, andnization problente.g., Schmidt & Jackman, 199%-or that
the final form usually include dimensions, shape, toler-purpose, the problem is simplified by assuming that pro-
ances, and surface finish desif€@hang & Wysk, 1985; Nev-  cess duration times are known with certainty, and each pro-
ins & Whitney, 1989. Because this task is highly labor duction process can be associated with a single time factor
intensive and time consuming, Computer-aided Process Plagtanding for its duration. However, in practice, only lower
ning (CAPP) tools were developed as an important link be-and upper bounds on process duration are usually known. A
tween computer-aided desig@AD) and computer-aided more realistic approach is to capture such uncertainty by
manufacturingl CAM). associating processes wiilme intervalsthat include all of
Much work is devoted to the generation of productiontheir possible duration times. That is, for each process, its
and assembly sequences from a product deddgrrazio &  beginning and ending time points can be modeled explic-
Whitney, 1987; Lin & Chang, 1991; Woo & Dutta, 1901 itly, and the possible duration times can be captured by the
One approach to the problem creates a precedence diagragmporal distances that are allowed between these two points.
(in terms of operationsfrom a basic design. The process The following examples demonstrate this idea:

planner then selects production processes and resderges . , ,
1. The temporal information “the computer numerically

controlled (CNC) lathe cut off the part within 1 to 2
*This work was supported in part by the Paul lvanir Center for Robot- min” means that the time interval between the ending
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ing and Management, Ben-Gurion University, P.O.B. 635, Beer-Sheva 2. The temporal information th'e operation ‘turn Sque}re

84105, Israel. groove’ can be performed either by a lathe machine
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within 1 to 2 minor by a boring mill machine within  cosy can find the global optimal among all feasible assem-
3 to 4 min,” states that the permitted duration timesbly scenarios generated by the temporal reasoning system.
lie either within the intervall, 2] or within the inter- The above discussion illuminates the relevance and im-
vals [3,4]. This temporal constraint can be repre- portance of temporal processing for process planning. Nev-
sented by associating the operation ‘turn square groovegrtheless, in current CAPP little attention is given to this
with the set of time interval§[1, 2], [3,4]}. Thatis, subject. Inthis paperwe embark onthe task of integrating tem-
the alternative possibilities are captured hyisjunc-  poral reasoning into this paradigm. As a first step, we con-
tive constraint sider a deliberately limited and computationally decidable
temporal model, that can account for disjunctive temporal
turn the right chamfer at least 2 min after the IatheknOWIGdge of the kind d'emon.stratgd above. The model,
- . . . _“termedTemporal Constraint Satisfaction Proble(T<CSP)
finishes cutting off the part”; states that the time in- I . LT
S . . ) was firstintroduced ifiDechter et al., 1991lts origins lie in
terval between the beginning time point of the ‘turn . X
. , S . _the general school of constraint network formalisms, termed
the right chamfer’ process and the ending time point . . . .
of the ‘cutting off the part’ process (2,50 (_ZonstramtSausfactlon Problent€ SP) [ For more informa-
. . T tion, consult, for example, Montanaii974, Mackworth
4. The tempora_l information “the surface rr_10unt assem{1977), Freuder1978, 1982 Haralick and Elliott1980, Nu-
bly of the resistors starts after the paste is applied, bu§e|(1983, and Dechter and Pe4fl987)]. The following ex-
has to be completed before the paste becomes dry—mple illustrates how the TCSP model can be used to reason

OtherWise, théprlnted circuit boarﬂiPCB is Scraped." about tempora' information in process p|anning_
means that if it is known that the paste becomes dry

within t min, then the time interval between the end- EXAMPLE 1. Consider the material flow in an assem-
ing time points of the ‘surface mount assembly of thebling env_lronment, which has a single product type and four
resistors’ process and the ‘apply paste’ procef; 3. workstations. The product has an upper and a lower part
5 Th | st the CNC lathe #1 finish dthat has to be assembled. The assembly is performed through
. etemp_ora‘ statement fif the , athe INISNEC4 ee stages of operations. In the first stage, a solder paste is
its operation(‘turn square groove’'on Part #2 while

Part#1 its fori d o leftch applied to the upper and lower parts within 8 to 10 s. In the
art#1 awaits for its second operat{tnrn left cham- second stage, screws are fastened to the parts either with

fer'), then the CN.C lathe #1 can be u;ed to_turn the IEﬁthe Pneumatic screw driver within 10 to 17 s or with the
chamfer. Otherwise, use the CNCboring m'”#lFOtumVertical Mill within 7 to 9 s. In the third stage, the ERV7
Fheleftchamfer." prgsentsgtemporal ConStra,'nt'nV,OIV'Robot picks the sealing with the vacuum tool and carries
ing more than two tlme p.omts. The constralned time e sealing to the part on the fixture within 12 to 17 s. The
pomts ard,, the ending t'me p_omt of Fhe f|rstoPera- conveyor transports the parts from stage to stage within
tion on Part #1,t29' the _endmg time point of the ‘turn 13 s. The system requires an initial setup within 65 to 85 s.
square groove operqtlon of_the CNC(Iathe #1on PartBecause the applied padi@uring stage Lis usable for a
#Zitb’ the beginning time ppmt 9f the 'Furn left cham- limited amount of time, the second operati@ssembling

fer' process, ‘T’mdﬁ’ the ending t_|me ppmt of the most the upper and lower pajjtand the third operatio(sealing
rgcent operano_n ofthe CNCboring mill #1. It states thathave to be completed within 30 to 40 s and within 50to 75 s
either the time |n'tervgls from,tot,cand frgthetotb after the paste is applied, respectively. If the second and third
"’Tre[o"”]’ orthetime mtervalsfro@etot'lels[—oo,0] operations are not completed before the paste becomes dry,
(i.e.,t,, 0cCUrS before,e) and the time interval from then the product is scraped. The total assembly time of the

tse to t, is [0,00]. This constraint can be written, in : : e
product is constrained to be within 120 to 130 s. ]
shortas{([0,c0]; . and[0,cc];, ), ([—0o0,0], and

[0,00];,_¢)}- The process planner wishes to answer questions such as:
(1) “Is the information provided by the process planner con-

Given such temporal information, we aim at deriving an-sistent? In particular, is it possible that the assembly pro-
swers to queries and tasks such(@s:!ls the given tempo- cess terminates as schedul@dthin 120 to 130 $?”; (2)
ral knowledge consistent?{2) “Is it possible that the “What are the possible times at which the upper and lower
assembly sequence ends at titR& (3) “What are the pos- parts can be assembled?3) “Is it possible that in a sce-
sible times at which the surface mount assembly can be penario, which is consistent with the information provided,
formed?” In addition, it is desirable to generate one or moréghe Pneumatic screw driver is used in the second stage?”
assembly sequence scenaritsat is, selecting production To answer the above queries, we single out the important
processes and resources for different assembly operationgperations in the assembling plan. The temporal informa-
consistent with the temporal information provided, finding tion constrains their beginning and ending time points. The
all feasible times that a given assembly operation can beperation “setting up the assembly system” has a beginning
performed, and finding all possible relationshigsterms  and ending time points denoted by the varial{gsandX,,
of temporal constrainjdetween two given assembly oper- respectively. The operation “applying a solder paste to the
ations. Ultimately, an effective procedure to the problem ofupper and lower parts” has beginning and ending variables
selecting an optimal assembly sequeles., in terms of X, and X,,, respectively; the operation “fastening screws

3. The temporal constraint “the horizontal mill starts to
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to the upper and lower parts” has beginning and ending varirepeating the operation of the broken machine.” General
ablesX;, and Xg, respectively; and the operation “sealing purpose reasoning about change lies in the core of artifi-
the product” has beginning and ending variabigs and  cial intelligence theories for representation and reasoning
X4e, Tespectively. We also introduce a special time point,about common sense knowledge. Nevertheless, such theo-
denotedX,, to stand for the beginning of the assemblyries are computationally undecidable; handling scenarios
process. as the above one with a general inference theory is imprac-
The problem sets temporal constraints on these pointgical. The TCSP model, in contrast, can account for a lim-
For example, the proposition “a solder paste is applied tated kind of temporal knowledge, and is meant to answer
the upper and lower parts within 8 to 10 s” implies that theonly particular queries. However, it is associated with much
temporal distance betweefy,andX,is constrained by 8  developed algorithms and heuristics for answering such que-
Xie — X35< 10. The proposition “screws are fastened to theries. The next section includes a short account of temporal
parts either with the Pneumatic screw driver within 10 toreasoning in Al. In particular, we describe recent efforts to
17 s or with the Vertical Mill within 7 to 9 s” implies that incorporate temporal constraints into general-purpose rea-
10< X, — Xy <17 0r 7 Xy — X5 < 9. The proposition  soning without breaking the decidability bound. We also
“the second operation has to be completed within 30 to 40 slemonstrate how reified temporal logic can be used to cap-
after the paste is applied” implies that 8%,, — X,,<40. ture the temporal content in a process-planning activity.
The fact that the conveyor transports the parts from the firstWe show that a TCSP network is a subset of such a for-
stage to the second stage within 13 s, means that the temmulation, for which known inference algorithms are

poral distance betweexy,, and X, is constrained by, — available.
Xie = 13. The constraint on the total assembly time of the In this paper, we propose to use a TCSP network to inte-
product is: 120 X5, — X5 < 130. grate process planning with reasoning about temporal con-

Temporal constraint systems that use a set of unary anstraints. The TCSP network can be one of the modules in
binary constraints, as in the above example, can be graplhe evolving new intelligent CAPP systems. Moreover, we
ically described by representing time points by vertices andurther generalize the standard binary TCSP wiry con-
the propositions by labeled edges. Figure 1 presents th&traints. The generalization is motivated by the need to ac-
graphical description of the problem of Example 1. count for complex temporal information, such as when some

Using algorithmic methods developed for TCSP net-resourcege.g., machines or robots the assembly system
works, we can answer queries about the consistency of thare flexible and capable of performing multiple operations;
temporal constraints, feasible temporal distances betweesr when material handling tasksuch as placing a part on
time points, feasible time values for time points, and eventhe conveyor, removing a part from a feeder, or inserting a
tually, find solutions, that is, values for the time points. In- partin a CNC machinecan be performed according to sev-
deed, for general disjunctive networks, the problem iseral scheduling procedures.

NP-hard, and the algorithms use heuristibechter et al., Section 2 includes a short account of temporal reason-
1991), or approximate the solution&chwalb & Dechter, ing in Al, including a reformulation of Example 1, above,
1997), or solve special caséBechter et al., 1991; Balaban in a reified temporal logic. In Section 3, the relevant con-
& Rosen, 1999 cepts and results for TCSPs are presented. In Section 4,

Yet, the TCSP model is not a full-fledged logic and it we consider two examples of process planning. The exam-
does not support reasoning about change. For example, pfles suggest that the TCSP framework that deals with bi-
cannot express a general inference statement such as fiiry temporal constraintdetween two time poinjss too
the CNC lathe #1 breaks down while performing ‘turn weak because in practical process planning the temporal
square groove’ on Part #2, then Part #2 is also broken, butonstraints are set on several time points. To this end, we
the rest of the process is unaffected. The problem can bextend the TCSP model to includeary temporal con-
fixed by inserting a new lathe machine to the process, andtraints, and show that the binary TCSP model is a degen-
erate case of the proposed framewddalled n-TCSP.
Interestingly, the generalized TCSP model involves no ad-
ditional computational cost. Finally, we use theTCSP
model to formulate the temporal content of the previously
introduced examples. Conclusions and future research di-
rections are discussed in Section 5.

{(12,171} {131} {(10,17),[7,91}

{[30,401}

{[120,1301)

{[131) 2. TEMPORAL REASONING IN ARTIFICIAL
INTELLIGENCE

Temporal processing is central for common sense reasoning
in real world scenarios pertinent to plan generation and rec-
ognition systems, applications that create explanations, and
Fig. 1. Adirected constraint graph of Example 1. prediction systems. To reflect realistic common sense rea-
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soning, temporal processing must represent and reason abditiese tasks includel) deciding consistency of a problem
changing situations, causal laws that determine such changemd finding a solutionf2) deciding entailment, that is,
occurrences of events and their effects, and constraints inwhether a given relation between intervals, between time
posed on possible situations. In addition, temporal reasoningoints, or between a time point and an interval is entailed
is used in deductive databases to express temporal dynanfiom the problem specification; ari@) enumerating all so-
constraints in the database subject domain, such as for petiitions and computing the minimal temporal constraints al-
odical medical treatment€homicki, 1996. In software ver-  lowed by the problem specification.
ification, temporal reasoning is used to guarantee desirable Because the models are restricted to conjunctions and dis-
properties such as liveliness and fairness of concurrent prgunctions of relations, all the above tasks are computation-
cessesManna & Pnueli, 198]L The dynamic logic of Pratt ally decidable. Yet, the ontologies for solving temporal
(1976 and Harel1979, developed for the formal analysis constraints have a limited expressive power. They cannot
of computer programs, also reasons about the changing sittescribe situations where the number of time points or in-
uations involved in computer processes. tervals is not known in advance, such as periodic situations

Common sense reasoning systems cope with the need with unknown time period size. Another limitation is that
model changes and lack thereof over time. The main probthey cannot express combinations of temporal and nontem-
lem in common sense reasoning about time is the need tporal knowledge. Recent efforts, discussed in Schwalb
reason with incomplete information about the world andet al. (1997), propose a combination ddatalog (a re-
about the effects of actions. TH@me problem{Pylyshyn, stricted and decidable deductive databases languaith
1987 deals with the effects of actions, while tgealifica-  qualitative and metric temporal constraints. Schwalb et al.
tion problem(Shoham, 198Bdeals with common knowl- (1997 propose a decidable language, terrfieken-Datalog
edge that is usually not explicitly specified. In the artificial that can account for if-then rules, temporal constraints, and
intelligence paradigm, the theories developed to deal witlperiodic constraints.
these issues usually build on extending first-order predicate As mentioned above, we consider in this paper a delib-
logic with particular sorts to account for the dynamic na-erately limited and computationally decidable TCSP model
ture of the problem. In theituation calculugMcCarthy &  as a first step to the integration of temporal reasoning and
Hays, 1969; Baker, 1991the time passage is modeled by process planning. The TCSP model is appealing because
introducing asituation sortwhere each situation stands for (1) it can account for disjunctive temporal knowledge of
a point in time. Change over time is modeled by the sort ofthe kind demonstrated abov) it supports and provides
fluents which are time varying term@icDermott, 1982  a framework for the representation and reasoning about
Other approaches use explicit sortstiare (Shoham, 1988; quantitative and metric temporal informatigne., sen-
Bacchus etal., 199br for eventgKowalski & Sergot, 1986; tences involving numerical time points and time differ-
Vila & Reichgelt, 1996. Implementation issues for tempo- ences between eventswvhich is central to our process
ral knowledge bases that cope with common sense reasoptanning application; an¢3) it is amendable to known al-
ing are discussed i{Dean & McDermott, 1987; Dean, 1989 gorithms developed by other network-based methods of con-

Most applications require, in addition to common sensestraint satisfactione.g., Montanari, 1974 Section 3 is
reasoning capabilities, the ability to model the temporal on-devoted to the introduction of the temporal constraint sat-
tology and its qualitative and quantitative properties. Allenisfaction problem. In the following subsecti¢®.1) we for-
(1983, 1984, in his seminal papers developed a qualitativemulate Example 1 in temporal logic. We use a reified
temporal ontology based antervals rather than situa- temporal logic because this approach aims at reasoning
tions. The ontology is based on qualitative interval relation-about common sense temporal knowledge.
ships such as beirtzefore after, meetingduring, contained
equal etc. Much_ resc_aarch on solving and test.ing consis—z_l_ Using temporal logic for process
tency of constraints in this ontology followedilain & planning—Example and discussion
Kautz, 1986; Ladkin & Reinefeld, 1992; VanBeek, 1992;
Golumbic & Shamir, 1998 Another temporal ontology that Classical logic is appropriate for describistatic situa-
was independently investigated is that of metric constraintsions because it is timeless. Assignment of truth values to
among time points, which denote the beginning or endingropositions is independent from possible changes over time.
of events. This model, termetemporal Constraint Satis- Hence, classical logic can account for nontemporal infor-
faction ProblemgTCSP, was introduced in Dechter et al. mation about a subject domain. Temporal logics are de-
(1991 and further investigated in Schwalb and Dechtersigned to capturelynamic change over time. There exist
(1997 and Balaban and Rosdi999. The TCSP model three main approaches to the formulation of temporal infor-
generalizes the linear inequalities formalisms of Malik andmation using logic{1) the method of temporal arguments
Binford (1983 and of Valdes-Pere@ 986. Combinations (MTA)of Haugh(1987 and Bacchus et al1991); (2) modal
of the qualitative and the metric TCSP models are introtemporal logic§¥ Manna & Pnueli, 1981; Reichgelt, 1989
duced in Meiri(1996 and Kautz and Ladki1991). and (3) reified temporal logic§ McDermott, 1982; Allen,

A large body of knowledge was accumulated for solving1984; Kowalski & Sergot, 1986; Dean & McDermott, 1987;
particular tasks in the qualitative and metric TCSP modelsShoham, 1988; Reichgelt, 1989
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In MTA, one simply extends predications and functional
terms with extra arguments that stand for the time points or
intervals in which the proposition is true or the operation
occurs. The main advantage of this method is that it does
not break the framework of first-order logic. Consequently,
standard theorem-proving techniques can be used for infer-
encing. Modal temporal logics account for the time dimen-
sion by complicating the model theory. The single semantical
world of classical logic is replaced by a set pbssible
worlds where each world is a full semantical model of clas-
sical logic, standing for a point in time. Temporal ordering
is captured by an accessibility relationship among the pos-
sible worlds. Various temporal orderings give rise to a va-
riety of temporal logics. Modal temporal logics extend the
classical logic by introducing modal operators for captur-
ing behavior over time. Examples of such operators are “at
all future time,” “at some future time,” “at all past time,”
and “at some past time.”

However, both approaches are limited in their ability to
account for temporal common sense because they cannot
express general temporal knowledge, such as knowledge
about the temporal relationship between events and their ef-
fects, or between events and their causes. Reified temporal
logics were introduced in Al to enable reasoning about such
knowledge. The main characteristic of a reified temporal
logic is that propositions are turned into terms that can be
named, and to which predicates can be applied. The two
most frequent predicates in reified temporal logics are
HOLDSandOCCURS Both predicates state that a certain
named proposition is true at a certain time or holds over a
time interval. HOLDSapplies toproperty propositionsike
“Mary is happy,” whileOCCURSapplies to event proposi-
tions, like “Mary met Bob.”

We now formulate Example 1 within the reified temporal
logic introduced inVila & Reichgelt, 1996. The formula-
tion should be understood on an intuitive basis, as a formal
introduction of the logic is out of the scope of this paper. Be-
cause the example includes quantitative informatrammer-
ic time values, it requires also formal axiomatization of
continuous time. An example of such a formulation appears
in (Davis, 1990; Chapten4where alanguage of real-valued
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2. In the second stage, screws are fastened to the parts,
either with the Pneumatic screw driver within 10 to
17 s, or with the Vertical Mill within 8 to 9 s:
[OCCUR$fastertscrewsupperpart, Pneumatic-screw-
driverts,ts.)) and
OCCURS%fasteriscrewslower-part,Pneumatic-screw-
driverts,ts.)) and
10<tg —tgg<17]0r
[OCCURSfaster{screws upperpart, Vertical-mill,
taotse)) and
OCCURS$%fasteri{screws lower-part, Vertical-mill,
tastse)) and
8 <ty — t3< 9]

3. In the third stage, the ERV7 Robot picks the sealing

with the vacuum tool and carries the sealing to the part
on the fixture within 12 to 17 s:
OCCURS$pick(ERV7 sealingvacuum-tool,t,.)) and
OCCURS$carry(ERV7 sealingupper-part,t,.)) and
OCCURScarry(ERV7 sealinglower-partt,t,.)) and
12< ty, — t, < 17.

4. The system requires an initial setup within 65 to 85 s:

65 < tle - tlS < 85.

5. The conveyor transports the parts from stage to stage
within 13 s:

tZS - tle = 13 a.nd
t3s — te = 13and
ths — tao = 13.

6. The second stage has to be completed within 30 to
40 s after the solder paste is applied:

30 <ty — tye < 40.

7. The third stage has to be completed within 50 to 75 s
after the solder paste is applied:
50< tye — the < 75.

8. The total assembly time of the product is constrained
to be within 120 to 130 s:
120< tye — 1, < 130. |

Viewing carefully the formulations of Example 1 in a re-

quantities and functions is developed. Davis’ formulation en-fied temporal logic and in the TCSP model, we see that the
ables computations over the real numbers or over subsets ofetric TCSP network is simply a part of the temporal logic
the reals, such as the integers or the rationals. This formuldermulation. The TCSP model represents only the temporal
tion can be adapted to continuous time be specifying that theelations between the time points and ignores the rest of the
space of clock times isisomorphic to the reals. We assume thihowledge. This concentration turns the problem decid-
such a formulation is available, and use numerical valuesable, and enables the development of specialized inference
functions and relations, freely, in the formulation. algorithms that can decide whether the temporal require-
ments are consistent, test for temporal entailment of rela-
ExampLE 2. Reformulation of Example 1, using a rei- tionships between intervals or time points, and enumerate
fied temporal logic. all solutions for the important time points in the process.
We see that the TCSP model is not a competitive model
1. Inthe first stage, a solder paste is applied to the uppefior the temporal logic approach, but simply a restricted ac-
and lower parts within 8 to 10 s: count for a portion of the knowledge, that deals only with
OCCURS%apply(solderpasteupperpart,t,.t,.)) and  the temporal elements. Consequently, the TCSP formula-
OCCURS%apply(solderpastelower-part,t,qt,e)) and  tion falls short of capturing general periodic knowledge such
8 <ty — 1< 10. as:
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e The solder past gets dry within 75 s:
(for all Individual p,
Time pointst,,t,:
OCCURSapply(solderpastep,t,t,)) — HOLDS
(dry(solderpastet, + 75)) ).

{[-1, 31, [5, 6]}

{[-4,-1], (3, 6]}
As mentioned above, there are efforts to combine the TCSP( x, {2, i)
approach, so as to extend its expressiveness, within the de-

cidability range.

{10], [21}

{11, 131}

3. QUANTITATIVE TEMPORAL CONSTRAINT
SATISFACTION MODELLING

A quantitative(metric) temporal constraint satisfaction prob-
lem (TCSP is a set of propositions that temporally con-
strains a collection of binary events.nary eventis an
ordered pair otime points called beginningand ending
The propositions constrain the tempotaletric) distance 2. Asolutionis a tuple(t,,... £,) such that the assignment
between the points of the events. The task is to suggest a set X, = t,,...X, = t.} satisfies every proposition .

of events that satisfy the propositions. Each such set com- Thet; in a solution(t,,... t,... ) is afeasible valuef
prises a solution. The problem is inconsistent if it has no X..

solution. '

Fig. 2. A directed constraint graph of Example 3.

3. ATCSP isconsistentf it has a solution.

. . 4. Atime pointt is afeasible value of a proposition;@n
3.1. Definitions, concepts and properties W, if there exists a solution such thiat-t; =t. m
DerFINITION 1. Metric TCSP: LetD be a domain of time . B B _
points. We takeD as the set of real numbers. FoE b, an ExampLE 4. The assignmenX, = 0, X, = 2, X; = 3,
interval[a, b] overD is the setdja< d<b} in D. If a = b, X, = 5} satlsflgs all propositions of Example 3, anq 0,2,3
[a,b] is denoteda]. A TCSPis a pair(X,¥), where and 5 are feasible values ¥f, X,, X5, andX,, respectively.
Hence, the tupl€0, 2, 3, 5§ is a solution of the problem, and
1. Xis a set of variable§X,,... X}, each identified with the problgm is consistent. The time poi_n_ts 2,3,5,3and 2
a distinguished beginning or ending point of an eveni@re feasible values of the propositior(§0],[2]), .,
in the prob|em domain. {[_41_1]'[3,6]}1,31 {[_113]1[5!6]}1,41 {[1]1[3]}2,41 and

2],[41}5 4 respectively.
2. ¥ is a set of binary propositions. A binary proposition {[2]:[4]}s.4 P y "

is a binary constraint, that is, a set of intervals oer The intervals in a TCSP are assumed to be nonempty and
that constrains the temporal distance between two varielosed. The terntime sliceis used in an intuitive manner, to
ables, to belong to one of the intervals. A propositionstand for a “continuous” portion of the set of time points.
that sets the binary constrai@ton the variables;  Consider the following temporal proposition: “the second
andX; is denotedC;. m  operation has to be completed either withim%ts orwithin
4 to 6 s orwithin 6 to 7 s after the paste is applied.” The
ATCSP can be graphically described by a directed graphsyntactic constraint specified in this proposition is
where vertices represent variables and labeled directed edggs, 5],[4,6],[6,7]}, which has complex syntactic representa-
represent propositions. That is, the propositi@pis de-  tion but a simple semantic denotation; that is, it denotes the
scribed by a directed edgé — X; that is labeled by the set  single time slicd3,7].
of intervalsC. A temporal constraints any set of time intervals; it can
be empty, finite or infinite. A proposition with an empty con-
straint is not satisfiable. A qualitative constraint such as in
the proposition “the second operation has to be completed
after the paste is applied” is captured by an infinite con-
straint. A temporal constraint, in general, denotes several

ExampLE 3. Consider the directed constraint graph of Fig-
ure 2, which shows a TCSP with four variablég X,, X,
and X,. The propositions in the problem arg0],[2]}; ,,
{[—4,—1],[3,6]}1 5 {[—1,3.[5,6]}; 4 {[1].[3]}2,4 and

{[21[4]}s.0 (disjoint) time slices. A constraint that denotes a single time
DEFINITION 2. Semantics of TCSP: Given a TCEP = slice is calledsimpleand a proposition with a simple con-
(X, ). straint is asimple propositionA simple TCSRs a problem

with simple propositions alone. Otherwise it is nonsimple.
1. A proposition G in ¥ is satisfied by an assignment Itis well known(Dechter et al., 199Xhat deciding the con-
Ki=t,.. X =tifg -t eC sistency of nonsimple TCSPs is NP-complete. For a simple
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TCSP withn variables, consistency can be decide®{n®)  ables can be obtained by first assigning the time point zero
time, wheren is the number of variables in the problem. to an arbitrary variabl,. The feasible values of a variable
A simple cas®f a TCSP is obtained fronil by drop-  X; are taken as the allowed values@f.
ping in every proposition dfl all intervals but one. Ainion A solution for a simple minimal TCSP can be computed
of problemss a problem on the same set of variables, whosen a backtrack-free manner, by anchoring a variable at a time
propositions are the union of the corresponding proposipoint, and extending the solution, point by point, such that
tions in the input problems. Anonsimple TCSP can be viewed new point is always consistent with points already in the
as the union of its simple cases. Two problems with a comsolution. This is possible since a simple minimal TCSP has
mon set of variables arequivalent if they have the same the property that every partial solution can be extended into
set of solutions. a full solution. Hence, the solution can be obtained in time
ATCSP is expected to provide the following services: O(n?) (Dechter et al., 1991 If we can find a solution in
that way, we say that the problem lbscktrack free(k-

1. find whether the problem is consistent; consistent, for everly, in the general CSP terminologyNon-
2. find the feasible values of the propositions and of theSimple minimal problems are not necessarily backtrack free,
variables: and as demonstrated in Example 5 below. Consequently, find-

ing a solution might lead to exhaustive search over all sim-
ple cases. Yet, the minimal problem might help in filtering
out some impossible combinations.

3. find a single solution or all solutions.

The notion of aminimal problermof a TCSP, which intu-
itively is the equivalent reduced TCSP, is introduced in  ExampLE 5. The following directed constraint graph il-
Dechter et al(199]) as a means for fulfilling the above first |ustrates a nonsimple minimal problem, which is not back-
two tasks. As for the third service, for a simple minimal track free(Fig. 3). It can be checked directly that every value
problem, a solution can be computed®in?). For a non-  allowed by any proposition is feasible. Hence, the problem
simple minimal problem, finding a solution might be intrac- is minimal. Yet, the partial solutio(0, 2, 3 assigned t,,
table. The minimal problem can be viewed as a compack,, andX,, respectively, cannot be extended to a full solu-
way for storing all solutions. The definition of a minimal tion. Therefore, the problem is not backtrack free. m

problem requires a means for comparison of TCSPs: o ] ]
The minimal problem of a TCSP s the tightest prob-

DeriNITION 3. Comparable and Equivalent TCSPs, thelem among all equivalent and comparable problentoaf-
Tighter than relation, and Complementation of TCSPsplement(D ). Hence, a problem is minimal if and only if its
TCSPsl , and[J , arecomparableif they have the same propositions allow only feasible values. Such propositions
set of variables, and their propositions are defined on there calledninimal propositionsTheorem 1 below provides
same pairs of variables. Given two TCSPg andl , (not 3 criterion for minimality(Balaban & Rosen, 1999An
necessarily comparable ; and U , are equivalent equivalent criterion, based on the notion of a distance graph,
(O, =0,), if they have the same set of solutions. Givenig provided in(Dechter et al., 1991
two comparable TCSPS ; and ,, the propositiorC;' of
0, is tighter than the proposition £of O , (Cf C Cf) if
C' c C? 0O, is tighter than (0, C O ,), ifforall 1 <
i,j<n, G} C C?. Thecomplemented problewf a TCSP
0, complement[1), is a TCSP that is obtained from
by complementing all “missing” propositiore; in O (i.e.,
missing edges in the directed constraint gnagh theuni-
versal propositiong[—co, +oo]};. [ ]

THEOREM 1. In a simple problem, all propositions are
minimal if and only if every proposition;s tighter than
or equal to all indirect propositions between &nd X. m

DEFINITION 4. Minimal TCSP: Theminimal problenof
a TCSP, denotednin(O ), is the tightest problem among
all equivalent and comparable problemgomplement([] ).
AproblemO isminimalif O =min(O ). The minimal prob-
lem always exists and is unique by its definition. It exists
because for a given TCSP, the set of its equivalent TCSPs
closed under intersection. [

{[6]. [9], (101}

{[11, [31, [51}

{[21. 151, "1}

3.2. Solving TCSPs {11, (21, (8]}

In a minimal problem, testing consistency is immediate be-
cause it amounts to testing whether any proposition is empty

(Dechter _et a'-_, 1991 Feas”_)l_e values O_f propositions are rig. 3. A directed constraint graph that illustrates a nonsimple minimal
already given in the propositions. Feasible values for vari-Tcsp.
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In simple problems, because a proposition consists of 4.1. PCB Assembly example
single interval, theAll-shortest-path algorithm of Floyd
(Cormen et al., 199@&an be adapted for computing the tight- Consider the material flow in an automated printed circuit
est propositions between all pairs of time points. Mia- board(PCB) assembling environment, which uses surface-
of-Simple algorithm below exploits this idea to compute mount technologyCoombs, 1988 Surface mount technol-
the tightest propositions, which by Theorem 1, yield the min-ogy involves mainly the process of placing a surface-mount
imal problem of a given TCSP. The algorithm is taken fromcomponent onto the board in the required position. Assem-
(Balaban & Rosen, 1999A similar algorithm, applied to  bly of a surface-mount device involves positioning the com-
the distance graplof a simple TCSP is given ifDechter  ponent on the board, which has previously had the solder
et al., 199). Because th&lin-of-Simple process does not paste applied. Thus, the material handling system has to
divide intervals, the minimal problem of a simple problem transport the boards in-between insertion machigesface-
is also simple. In a nonsimple problémn, the minimal prob- mount devicesand also between insertion machines and
lem can be constructed from the minimal problems of thebuffers at the right time before the adhesive becomes dry
simple cases ofl . (in which case the board has to be discapded

To describe theMiin-of-Simple algorithm, we need the More specifically, the Flexible Manufacturing System
following binary operations on propositionsomposition  (FMS) under study has two PCB typ&3CBs 1 and p, five
(0) andintersection(N). The composition of propositions workstationgM, to M,) and two material handling systems
C; andCy,, denotedC; O C;, is defined as follows: For (a linear conveyor and a SCORBOT-ER#obod. The as-
intervals[a,b],[c,d],[a,b] O [c,d]=[a+ c, b+ d];and sembly of both PCBs is performed through three stages of
C; O Cy = {[a,b] O [c,d]|[a,b] € Cy,[c,d] € Cylix- operationgsolder paste, passive components assembly, and
The intersection of propositior®; andC;, denotedC; N flat packs assemb)yas depicted in Figure 4. Some ma-
Ci., is defined as follows:C; N Cy = {[a, b] N chines in the system are dedicated to one operation and a
[c.d]|[a,b] € C;,[c,d] € Cylik. The Min-of-Simple al- single PCB typdM,, M3, andM,); others are flexible and
gorithm is described as follows: capable of performing multiple operatiofid, andM,). The
system requires an initial setup within 65 to 85 s. Raw pan-
els of each PCB type are screened via an epoxy compound
at the first stagéby M,), and are transported by the linear
conveyor to the surface-mount devides the second and
third stagel where the components are placed on to the
pasted PCBSThe linear conveyor transports the PCBs from

Algorithm Min-of-Simple

input: A simple TCSPO

output: min ()

time: O(n?), for a problem withn variables.

1. complement] the first stage to the second stage, while the PCBs are trans-
2. for every time variabl&; do ported from the second stage to the third stage by the
3. for every propositiorC;, SCORBOT—ER79 rob.ot.2 The rqbot’s mater_ial handling task
4.C, C.N(C OCy) is performed qccordlng to a first come first sef\l@CF9
© ik Tk i ik scheduling policy. Tables 1 and 2 show the process plans of
5. IF: Ck=9 both PCB types. The transportation times of the material
THEN: exit (the problem is inconsistent handling systems are provided in Table 3.

Because the applied pagthuring stage Lis usable for a

4. APPLICATION OF METRIC NONBINARY limited amount of time, the second and third operations of

TEMPORAL CONSTRAINT SATISFACTION b(')tt:' PgoBttyggs h?t"e ttf? be C‘:m.p'etecl'.wéthi” 30 ti’. 4(: S?L‘d
TO PROCESS PLANNING within 50 to 60 s after the paste is applied, respectively. The

total assembly time of both PCB types is constrained to be
The TCSP framework introduced in Section 3 is limited towithin 100 to 120 s.
problems involving constraint@isjunctive sentenceé®on Given the above temporal information, the following que-
pairs of time points. Such constraints, however, are insuffies may be consideredt) “Is it possible that the assembly
ficient for a process planning environment, and we must alprocess terminates as schedubeithin 100 to 120 §?”; (2)
low nonbinary constraints. In this section, we consider two'ls it possible that in a scenario, which is consistent with
scenarios of process planning that cannot be modeled bjre information providedM, is used for the flat packs as-
binary TCSPs because they require nonbinary constraintsembly of PCB type {third stage?”; (3) “Is it possible that
In Section 4.3 we introduce the TCSP model, which is a in a scenario, which is consistent with the information pro-
generalization of the binary TCSP model to accountfary ~ Vided, the robot transports PCB type 1 from the second stage
metric temporal constraints. We also show that the TCSRo the third stagéeforePCB type 2 is served?(4) “What
model is a degenerate case of the proposed framework, and
that all techniques and theoretical results developed for bi-
nary TCSPs still hold with the extended model with no ex- IFor illustrative purposes, we assurfvel.0.g) that PCBs are not de-
tra computational cost. layed between the first and second assembly stages.
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SCORBOT-ER?7/9 robot
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@ Assembly Stagei »> PCB Type 1 Process Route
—> PCB Type 2 Process Route

Fig. 4. Schematic of the printed circuit boards process plans.

are the possible times at which the assembly operations cahe flat packs are assembled iy to PCB type 1 within 7
occur?” to 12 s; otherwise, if the passive components are assembled
Several temporal constraints are given in the process plane PCB type lafter the passive components are assem-

ning description such adl) “a solder paste is applied to bledto PCB type 2 and the SCORBOT-E/R7obot is avail-
PCB type 1 within 8 to 10 s"(2) “passive components are able(i.e., PCB type 2 was already transported to the next
assembled to PCB type 2 either with, mode #1 within 25  stage by the robptthan the SCORBOT-ER® robot trans-
to 28 s or withM, mode #2 within 17 to 25 s"(3) “flat ports PCB type 1 from the second stage either within 4 to
packs has to be assembled to PCB type 2 within 50 to 60 8 s to M, or within 5 o 9 s toM;. Accordingly, the flat
after the paste is applied(4) “the linear conveyor trans- packs are assembled to PCB type 1 within 12 to 17 Mby
ports PCB type 1 from the first stage to the second stager within 7 to 12 s byM;"; (7) “if the passive components
within 7 s”; (5) “the total assembly time of PCB type 2 is are assembled to PCB typehforethe passive compo-
constrained to be within 100 to 120 s.” nents are assembled to PCB type 1, than the SCORBOT-
Given temporal constraints of this kind, the translationER7/9 robot transports PCB type 2 from the second stage
into binary TCSP constraints is straightforward. In contrastjo the third stage either within 6 to 9(asing mode #JLor
the following additional temporal constraints in the abovewithin 3 to 7 s(using mode #2 and the flat packs are as-
description cannot be encoded by binary TCSP constraintsembled to PCB type 2 within 15 to 20 s by; otherwise,
(6) “if the passive components are assembled to PCB type [t the passive components are assembled to PCB tygfe 2
beforethe passive components are assembled to PCB typer the passive components are assembled to PCB type 1
2 than the SCORBOT-ER® robot transports PCB type 1 and the SCORBOT-ER® robot is available, than the
from the second stage to the third stage withim®ts and SCORBOT-ER79 robot transports PCB type 2 from the sec-

Table 1. Process plan for PCB type 1 Table 2. Process plan for PCB type 2
Processing Machine  Operating Processing
Machine  Operating time Operation candidate  modes time
Operation candidate modes (s)
Solder paste Mo 1 [13,17

Solder paste Mo 1 [8,10] ]
Passive components assembly M, 1 (18,24 Passive components assembly M, 1 [25,28
Flat packs assembly M, 1 (12,17 2 (17,24

My 1 [7,11 Flat packs assembly M, 1 [15,20
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Table 3. Material handling transportation times Table 4. List of activities and temporal order for a product

development process
Route Operating  Transportation
direction Material handling system  modes time Resource Immediate
Mo > M, Linear Conveyor ) [7.7] Activity type Time estimates predecessors
Mo — M, [10,1Q A 1 [11,13 -
M; - M,  SCORBOT-ER79 robot 1 [4,7] 2 [9,10]
M; —» M;  SCORBOT-ER79 robot 1 [5,9] B 1 [7,15] A
M, - M,  SCORBOT-ER79 robot 1 [6,9] C 1 [5,15] A

2 [3,9] D 1 [8,16] BorC
2 [5,7]

E 1 [14,30 D

F 1 [6,18] D

G 1 [25,41 F

H 1 [35,45 (Eand G) or F
ond stage to the third stage either within 6 to@®sing mode | 1 (10,28 A
#1) or within 3 to 7 s(using mode #2, and the flat packs are J 1 (5.7 :

assembled to PCB type 2 within 15 to 20 sMy.”

4.2. Product development process example

. . 3) “Is it possible that in a scenario, which is consistent with
The problem of selecting an assembly sequence is also cop)-’ . . . A
P 9 Y seq e information provided, both activities E and G have to be

sidered in the light of recent work in concurrent engineer- L

. . : completedbeforeactivity H can be started?(4) “What are

ing and product development proces@ésvins & Whitney, . . : .
g P P P - y .the possible times at which the product development activ-

1989. Product development processes involve the coordi:,. N
. A ities can occur?

nation and control of a set of complextivitiesto accom- To answer the above queries. we let the evindenote

plish a project. Activities do not stand alonepeecedence q '

. . . 2 . . .
relationshipdetermines a sequence for undertaking activi—theJth activity.” Several temporal constraints are given in

ties. It specifies that one activity cannot start until a set oft.he product development process description su¢hdac-

preceding activities have been completed. Oftery., when :'V'ty r? lrsn?edrfoirtrﬁerdv\\:\i/;rt]h:n ! tor 15 tW eekls\f\ﬁzhi"; Cg\:'tylg .
a project has never been done bejptéme estimates for s pertormed eithe esource type 021550

activities involve uncertainty. To incorporate uncertainty intoW'th resource type 2 within 5 to 7 weeks(3) "activity F

product development processes, activity times are stated irﬁas to be completed w_|th|n 30to 35 weeiiterthe product
terms of two reasonable time estimatéb). the optimistic development process is started) “the total development

time, which is the shortest time in which the activity can betlme Is constrained to be within 65 to 70 weeks.

completd: and2) he pessimistame,which s e g O 001 Sonsantsof s nd, e wansiaton
est estimated time required to perform an activity. More- y 9 ' K

over, each such activity can be performed by alternativé:onS'derthe following high-order temporal constraints that

resource typege.g., by different contractorsThus, primi- cannot be encoded by binary TCSP constrai#s-activ-

tive temporal information can be represented by a set of disgynfuosrtcrggjéeprae;?\gte ?tétlgclt:i)v; tar\g@%ui(t:tlvrg: deem;ctiv
junctive intervals over the beginning and ending time pointslt . P y y P
of each activity. The following example illustrates a prod- yH.

et development process. The product development pro:, & 2 HEENE TEREER 0 oD SRR AR B
cess involves 10 major activities. The temporal order amon M P Y-

activities is shown in Table 4. The following additional tem- i-gr?s?rrasitn;iinaiiirrbxhiﬁiugter::rg%nsetg:sjsnsu lalbot)th
poral constraints are considergd) the product develop- eed a nonshareable resoufe materi:fl handling svs-
ment process is constrained to be completed within 65 to 7 g, g sy

weeks: and2) activity F has to be completed within 30 to em or maching The second product development process

35 weeks from the start of the process due to limited ava”_example demonstrates that the temporal ordering of activi-

ability of resources. ties may invplve multiple activities and therefore complex
Given such temporal information, we aim at deriving an_BooIeaq logic. In Section 4.4, we S.hOW how such temporal

swers to queries and tasks such @s:“Is it possible that constralnt_s c::_m_be encode_d within an extend_e‘bCSP

the entire product development process terminates as sche'a]—Odel’ which is introduced in the following section.

uled (within 65 to 70 $?”; (2) “Is it possible that in a sce-

nario, which is consistent with the information prOVided' 2For reference purposes, activities are numbered in accordance with

the first resource type is used for carrying out activity A”; their labels as given in Table 4.
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4.3. Nonbinary TCSP (-TCSP) junct; that is,¥ = C((CJ1;) X;, X; € P)P C X. Finding the
L o . . minimal network of a disjunctive-TCSP is computed by
Having introduced two specific process planning Scenar'oscomputing the minimal networks of all simple cases, and

we are now prepared to consider problems invoNIbgy . hining the results into a new, minimal, disjunctive
temporal constraints, called TCSP In general, we show n-TCSP problem

that a problem involvingr-ary constraints can be translated
into a disjunction osimple(binary) TCSPgsee Section 3)1 . .
Therefore, the solutions to a giveAT CSP are the solutions 4.4 Detailed modelling byn-TCSP

to all simple binary TCSPs in this disjunction. This decom-In this section, we show how the temporal constraints in-
position scheme exploits the tractable procedieeg., the volving in the above examples can be encoded within the
Min-of-Simple algorithm presented in Section 3.@evel- n-TCSP model.

oped for simple TCSPs. Note that although simple prob- .

lems are tractable, the decomposition of a disjunatidesp ~ 4-4-1. Modelling the PCB assembly example

(as well as disjunctive binary TC$Right include an ex- To answer the above queries, we consider the following
ponential number of simple probleniexponential in the ~©OPerationgor events:
number of binary edges, i.a? for a problem withn vari- e O,—setting up the assembly system;
ableg, and hence be intractable. o O)—applying a solder paste to the raw panels of PCB
DEFINITION 5. Nn-TCSP: LetD be a domain of time points. typej; . )
An n-TCSPis a pair(X,¥), where o Oé_—passwe components assembly of PCB tjpe
o O;—flat packs assembly of PCB typeand
1. Xis a set of time variablegX,, ...,X,}, each identi- o R'—transporting PCB typgfrom the second stage to

fied with a distinguished time point that marks the be-  the third stagé.
ginning or the ending of an event.

2. ¥ is a set ofdisjunctive propositiong(ICp}, where
P C X. In a disjunctive propositiohlCp, Cp is acom-
pound propositiorset onP, that is, a conjunction of
simple binary propositionéintervals overD) set on
time points inP. That is,Cp = 0Ol, wherel;; is an

These operations are associated with 18 time pdithts
variables we want to constraireach of which represents
a beginning or an ending point of some operation. In par-
ticular, let X, denote the time wher®, begins, X, de-
note the time wher®, ends X, denote the time operation

interval overD, that constrains the temporal distance O starts,?(ﬂe denote t_he time op_erati_o@i’ ends, Xzs d_e-

betweenX; and X;. In sum, ¥ = O(O(01;)X;, X, € note the time wher&’ _s_tarts Wh_lIeXF'ee denote the_ tlm_e

P)P C X. a Where R! ends. In addition, we introduce a special time
- point, X,, to represent the beginning of the assembly pro-

Then-TCSP model is a generalization of the TCSP modelceSS- The various temporal constraints provided in the pro-
since a TCSP is a degenerat& CSP taken over binary sub- C€SS planning description in Section 4.1 are encoded by
sets ofX alone. That is, in a classical TCSP problem, the sef-ary constraints as shown in Table 5.

of propositions is: 4.4.2. Product development process example

To answer the above queries, we@@tdenote théth ac-
tivity (see Table #? These activities are associated with 10
= 001X, X} © X (1)  time points, each of which represents a beginning or an end-
ing point of some operation. In particular, Mt denote the
The semantics of-TCSP is the same as that of TCSP. time whereQ; begins X; denote the time whei®; ends. In
Finding the minimal network is defined the same way. Aaddition, we letX, represent the beginning of the product
simple n-TCSP probleis a nondisjunctive-TCSP, thatis, development process. A partial list of temporal constraints
O((d1)X;, % € P)P C X. It can be shown that a simple that are translated into-TCSP is shown in Table 6.
n-TCSP is equivalent to the simple TCSP obtained by in-
tersecting all intervals set on each pair of time points within5. SUMMARY
the various compound propositiof@der depends on num-
ber of compound propositions—possibly exponential in th
number of time variablgsWe term this simple TCSP the
derived TCSPof the given simplen-TCSP. Consequently,
the minimal network of a simple-TCSP can be computed  2As mentioned above, it is assumed that PCBs are not delayed between
by computing the minimal network of its derived TCSP. the first and second assembly stages. This assumption can be retneved
A simple cas@f ann-TCSP problem is the simple prob- PCBs wait in front of a machine if it is bugyy introducing additional

: ) ’ _ events(with beginning and ending time pointassociated with the trans-
lem obtained by selecting a single element from each disportation of PCBs by the conveyor.

v = EI(D(DI”)X“XJ S {X,,X]}){Xl,XJ} g X

In this paper, we propose a formal approach for the integra-
&ion of process planing and temporal processing and reason-
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Table 5. Encoding the process planning temporal constraints with Hi-TCSP
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Description

Underlying variable® C X))

Temporal constraint§iCp}

“The system’s set-up is done at the beginning of the assembly process”

“The system requires an initial setup within 65 to 85 s”

“the solder paste is applied to the raw panels of PCB typédr the
system’s set-up is completed”

“the solder paste is applied to the raw panels of PCB typéé the
system’s set-up is completed”

“either the solder paste is applied to PCB typbeforeit is applied to PCB
type 1 or vice versa”

“a solder paste is applied to PCB type 1 within 8 to 10 s”

“a solder paste is applied to PCB type 2 within 13 to 17 s”

“the linear conveyor transports PCB type 1 from the first stage to the
second stage within 7 s”

“the linear conveyor transports PCB type 2 from the first stage to the
second stage within 10 s”

“passive components are assembled to PCB type 1 within 18 to 24 s”

“passive components are assembled to PCB type 2 eithefyitimode #1
within 25 to 28 s or withM, mode #2 within 17 to 25 s”

“passive components has to be assembled to PCB type 1 within 30 to 40 s

after the paste is applied”

“passive components has to be assembled to PCB type 2 within 30 to 40 s

after the paste is applied”

“if the passive components are assembled to PCB typefdrethe passive
components are assembled to PCB type 2 than the SCORBO/RER7
robot transports PCB type 1 from the second stage to the third stage
within 5 to 9 s and the flat packs are assembledvbyto PCB type 1

within 7 to 12 s; otherwise, if the passive components are assembled to
PCB type lafter the passive components are assembled to PCB type 2

and the SCORBOT-ER® robot is availablgi.e., PCB type 2 was
already transported to the next stage by the rpliban the
SCORBOT-ER79 robot transports PCB type 1 from the second stage
either within 4 b 7 s toM,, or within 5 to 9 s toM;. Accordingly, the flat
packs are assembled to PCB type 1 within 12 to 17 Mpyr within 7 to
12 s byMy”

“if the passive components are assembled to PCB typef@rethe passive
components are assembled to PCB type 1, than the SCORBO/MRER7
robot transports PCB type 2 from the second stage to the third stage
either within 6 to 9 using mode #Lor within 3 to 7 s(using mode #2
and the flat packs are assembled to PCB type 2 within 15 to 20M, by
otherwise, if the passive components are assembled to PCB tgfter2
the passive components are assembled to PCB type 1 and the
SCORBOT-ERY9 robot is available, than the SCORBOT-ER#obot
transports PCB type 2 from the second stage to the third stage either
within 6 to 9 s(using mode #Lor within 3 to 7 s(using mode #g2 and
the flat packs are assembled to PCB type 2 within 15 to 20 BIgYy

“flat packs has to be assembled to PCB type 1 within 50 to 60 s after the

paste is applied”

“flat packs has to be assembled to PCB type 2 within 50 to 60 s after the

paste is applied”

“the total assembly time of PCB type 1 is constrained to be within 100 to
120 s”

“the total assembly time of PCB type 2 is constrained to be within 100 to
120 s”

XO' Xls
Xls! Xle
1
X251 X1e
2
XZS 1 xle
1 1 2 2
XZS! XZEv Xzs, XZE
1 1
XZS 1 x2e
2 2
X35, X3e
1 1
XZE ’ X3S
2 2
XZE ’ X3S
1 1
X35, X3e
2 2
X3s 1 X3e
1 1
x2e ’ x3e
2 2
XZE‘ ’ X3e

1 2 1 1 2 1 1
X3E ’ Xae ’ XR51 XRe: XRey X4s ’ X4e

1 2 2 2 1 2 2
X3E ’ X3e ’ XRS! XRe: XRe: X4s ’ X4e

X3, Xie
Xe,Xe
Xo, Xie

Xo, XFe

{[0] on X, X3}
{[651 83 on Xlsvxle}
{[0,00] on X%srxle}

{[0,00] on XZZS! Xle}

{[0,00] ON X%ev XZZS}
or

{[O,oo] on X22e7 X%s}
{[8,10] on X3s, X{e}
{[13,17 on X3, X3c}
{[7] on X3, X35}

{[7] on X3, X3}

{[18,24] on X3, X3c}
{[25,28 on X3, X3
or

{[17,24 on X3, X5e
{[30,40 on X3, X3c}

{[30,40 on X3, X%}

{{[0,00] 0N X3¢, X3,) and
([0,00] 0N X3¢, X3e) and
([4,7] on Xas, XAe) and
([12,17] on X5, Xze)}

or

{{[0,00] ON X3, X3) and
([0,00] 0N X3¢, X3o) and
([5, 9] on Xas, XAe) and
([7,12] on X, Xze)}

{{[0,00] 0N X&,, X3,) and
([6,9] on X3, X3.) and
([15,20 on XZ, XZe)}

or

{{[0,00] oNn X3, X3.) and
([3,7] on X3s, X3e) and
{[15,20 on XZ, Xze)}

or

{{[0,00] 0N X3¢, XZ) and
([0,00] on X3e, X3.) and
([6,9] on X3, X3e) and
([15,20 on X5, XZe)}

or

{{[0,00] 0N X3¢, XZ) and
([0,00] 0N Xpe, X3.) and
([3,7] on X3¢, X3e) and
([15,20] on X35, XZe)}
{([50,60 on XZe, Xie)}

([50,60 on X3, XZ.)
(100,120 0N Xo, X&)

([100, 120 on Xo, XZ-)
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Table 6. Encoding the product development temporal constraints with Hi-TCSP

Description Underlying variabled® C X) Temporal constraint§iCp}
“activity O, must precede activit®,” Xier Xas {{[0,00] ON X0, Xae)}
“activity O, is performed either with resource type 1 within 8 to 16 s or Kaer Xge {([8,16] on X0, X400}
with resource type 2 within 5 to 7 weeks” or
{<[51 7] on Xle! X45>}
“either activity Og andO, must precede activit@g, or activity Og must Xser X76r Xger X gs {{[0,00] ON X5q, Xgs) @nd
precede activityOg" ([0,00] 0N X7, Xge}
or
{{[0,00] 0N Xee, Xgs)t
“activity Og has to be completed within 30 to 35 weedfser the product Xos Xoe {{[30,35 on Xy, Xge)}
development process is started”
“the total development time is constrained to be within 65 to 70 weeks” Xo, Xiei and{([65, 70 on Xy, Xie)}
1<i<10
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