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A Decision Analytic Framework for
Evaluating Concurrent Engineering

Ali A. Yassine, Kenneth R. Chelst, and Donald R. Falkenburg

Abstract—This paper quantifies key issues with regard to to CE based on the modeling of information requirements
concurrent engineering through the use of risk and decision among design tasks.

analysis techniques that enable us to better understand, structure, Previous research in design process modeling [5] identified
and manage the design process. In concurrent engineering, the

information structure of a design process does not usually imply three general types of_mformauon (_:iepende_nCIes among d.eS|gn
the execution patterns of the corresponding design tasks. On tasks (also called design process information structure): inde-
the contrary, this gap between the information structure and pendent; dependent; and interdependent. Two or more tasks are
execution patterns is the essence of concurrent engineering andgaid to be independent if they could be performed or executed

its basic advantage over traditional sequential design. In this simultaneously with no interaction among them. On the other
paper, we relate the structure of information flow in a design

process to three different execution strategies: sequential, partial and, if one task requires the output of another to be started,
overlapping, and concurrent. The risks of excessive task iterations then the two tasks are dependent. Furthermore, if taskeds
or redesigns associated with each execution pattern are proba- information from taskB and taskB needs information from
bilistically modoled. Risk and deC|§|on analysis methodology IS task A, then the two tasks are said to be interdependent or
used to determine the best execution strategy and the optimal led. In addition to the inf . truct Krishre
overlapping policy for a set of activities given their information Coupo : n_o rion O, € Informa 'O_n structure, Rns n
structure. Applying this theoretical framework to a real-world ~ @l. [9] identified three different execution patterns (also called
design application of an automotive cylinder block suggested a design process schedule) that can be used to execute a set of
potential 18% reduction in development cycle time. related tasks: sequential; partial overlapping; and concurrent.
Index Terms—Concurrent engineering, design process struc- IN the sequential strategy, a downstream task begins after the
ture, information requirements, partial overlapping, probabilistic  completion of the upstream task. The information transfer,
modeling, risk and decision analysis. if required, is only transferred in its final form at the end
of the upstream task. In the partial overlapping strategy, or
simply overlapping, the downstream task can be started before
|. INTRODUCTION the complete finish of the upstream task. In this case, the

IMPLY stated, concurrent engineering (CE) is the incolPstream information is transferred to the downstream task
Sporation of d7ownstream factors and concemns into t \Q/ice. The first time, incomplete or partial information is

upstream phase of product development [14]. This should |etéansferred at the start of the overlapping process and a second

to a shorter product development time, better product qualiﬂme at the end of the upstream task. The concurrent execution

and lower manufacturing costs [13]. It is concerned with irirategy is similar to the partial overlapping strategy in terms
availability of information to all agents involved in the desigrp! commencing the downstream task before the complete
of a product. Its basic concern is to make available all relevaff}iS of the upstream task, and particularly simultaneously
information to an agent involved in the design process befopdth it. However, the mformotlon transfor is bi-directional and
the design task is begun. The ability (of the design agefBere fre_quent_than tho partial overlapping case. The frequent,
to act on the information as soon as it becomes availadlsdirectional information exchanges between the tasks are
is yet another important dimension of CE. Unfortunately, fgSSumed to be facilitated via a CE team or a cross-functional
most engineering tasks all relevant information required by!@@M [17], [23]. Itis noteworthy to distinguish between parallel
specific task cannot be made available at the start of that ta&l, complete overlapping) and concurrent execution of tasks.
Therefore, CE requires the maximization of such informatiof/hile parallel execution can be treated as a special case
and the ability to share and communicate useful information & Partial overlapping, concurrent execution does not only

a timely basis. In this paper, we discuss an analytical approdBMolve task start timing, but also the frequency and richness
of information transfer between tasks.
In the first part of the paper, we consider each information
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Schedule to hostile environment and poor communication. Lee [14]
concluded that overlapping requires more than just pushing up
LA—_Final the start time of the downstream task. The upstream task must
/' \ . B_| also absorb some of the downstream problem-solving activities
Structure Risga=g| D Sequential Execution directly into its own activities, resulting in an increase in its
D, — information processing load, while the downstream load will
LA Xy be decreased correspondingly. The net result is a synergistic
Risk 2 |y Al alB reduction in the total time required for completing the two
" t tasks combined. Both of the above mentioned works focused
M Time mainly on the organizational aspects necessary to reduce the
As  Bs Ar To ; ; Al
(if) Overlapped Execution product development lead times and provided guidelines rather
\Riﬂgk than an analytical framework or tool.
T A i On the other hand, Krishnaet al. [9]-[12] developed a
Pglitingry | ¥ model and a framework for overlapping, in the case of depen-
W—BJ . dent tasks, which distinguished between different overlapping
(iii) Concurrent Execution

policies: iterative; distributive; divisive; and preemptive over-
Fig. 1. Mapping between both models. lapping. The appropriateness of each overlapping policy is
discussed based on two attributes: upstream information evo-
second part of the paper (Section V) where the three executlotion and downstream sensitivity. Furthermore, the authors
strategies are evaluated and an optimal strategy is selectedormulated the problem of iterative overlapping as a mathe-
In CE, the information structure of a design process dosgatical program whose solution provided the optimal timing
not usually imply the execution patterns of the correspondi®f preliminary information release. Our work differs from
design tasks. On the contrary, this gap between the informati§fishnan [9]-[12] in several respects. First, while Krishnan’s
structure and execution patterns is the essence of CE and its[ba}, [12] model included only the case of dependent tasks, our
sic advantage over traditional sequential design. For examphQdel captures the three different information dependencies
if two tasks are dependent, it does not necessarily mean taag maps them to three different execution strategies (not only
they have to be executed sequentially. They can be execuye@rlapping). Second, we conceptualize the overlapping strat-
as sequential, partially overlapped, or even concurrent tagigy differently. Our model assumes that overlapping requires
depending on the amount and type of information transferregly one preliminary information exchange and Krishnan's
between them and the associated levels of risk underlyimpdel allows for multiple preliminary information exchanges.
each execution strategy. Fig. 1 shows the mapping betwdgnally, while Krishnan’s model is deterministic, our model
the design process structure and schedule. The figure shgngvided a purely stochastic interpretation of both overlapping
two dependent taskd and B, and shows their three possibleand iteration.
execution strategies. Each different execution strategy puts th&mith and Eppinger [22] described the process of task
dependent task (task in this case) at a different level of riskiterations as a Markov chain where the decision maker can
depending on how much the information link between the twehoose the ordering of the initial attempt at completing the
tasks is violated. For example, the sequential strategy shoimterdependent tasks. The expected length of the Markov chain
in (i) of Fig. 1, which honors the information link betweenis then evaluated and used to determine which of the ordering
the two tasks, resulted in no risk of repetition or redesiga preferable. In another paper [24], Sméhal. used methods
taken on the behalf of taslB. When taskB is partially of feedback control theory to analyze and identify controlling
overlapped with task4, as demonstrated in (ii) of Fig. 1,features of the iteration process. The method called for the
using preliminary design information from task, then the determination of the eigenvalues and eigenvectors for the
magnitude of risk increases, as compared to the sequentiark transformation matrix (WTM). The WTM contains the
execution strategy. The magnitude of risk is determined by tetrength of dependency between the tasks. This will determine
dependency strength and the amount of information transtfee rate and the nature of the convergence of the design
required between taski and B. Finally, task B can also process. The metrics produced by the model represents the
be executed in parallel with task; however, putting it at work done by each of the tasks during the iteration process.
maximum risk of repetition [(iii) in Fig. 1]. A similar figure Our work differs from Smith [22], [24] in two respects. First,
with different risk levels can be constructed if the two taskbhe WTM method presented by Smith and Eppinger [24] is a
were independent or interdependent in the structure domaideterministic model. Our model is stochastic in nature. Second,
A considerable body of research exists on the problem 8Mmith’s model assumes fully parallel iterations and does not
reducing the lead time of product development [2], [5], [6fllow for overlapping, which our model included.
[9]-12], [24], [15], [22], [24], [25]. Clark and Fujimoto [2] Loch and Terwiesch [15] conjectured that the gain from
introduced the concept of “integrated problem solving” anaverlapping activities must be weighed against the delay from
emphasized the importance of exchanging preliminary desigawnstream rework as a result of preliminary information.
information in product-development situations instead of latommunication reduces that negative effect of rework at the
release of complete information. They also pointed out thexpense of communication time. They modeled the rate of
the cultural barriers associated with such strategy are relatdgwange in preliminary information, used during the overlap-
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ping period, as a nonstationary Poisson process. The averagstream information. In general, the earlier we begin over-
rate of upstream changes is referred to as the “overall levellapping, with less reliable upstream information, the greater
uncertainty.” The nonhomogeneity of the process represented risk of a downstream redesign. Therefore, the overlap-
the progress (uncertainty reduction) of the upstream taghng strategy consists of a range of overlapping times which
Finally, the authors formulated the problem as an optimizatioaflect different levels of risk, allowing us to quantitatively
problem which yields: the optimal overlapping magnitude ardetermine the optimal overlapping policy. Furthermore, the
the optimal communication policy (how often to communicatdecision problem becomes more complex when introducing
preliminary information during the overlapping phase). Whildevelopment cost factors into the analysis. In this case, the
Loch’s model examined a situation with only a dependent ilecision problem becomes a tradeoff between development
formation structure, our model, in contrast, examined all thréiene and cost [1].

information dependency structures. Further, Loch’s model didIn the next three sections, we will discuss the impact of the
not include randomness in the duration of the individual tasksree different execution strategies on independent, dependent,
and only considers it in formulating the amount of reworkand interdependent tasks, respectively, probabilistically mod-
In this paper, we treated all elements of the design procedig the risk elements in each case. In Section V, we apply
stochastically including task durations, amount of downstredime framework and equations developed in Section IV for the
rework, and the number of iterations occurring both upstreamost complex case where the tasks are interdependent. Finally,

and downstream. in Section VI, we present our conclusions.
Risk and decision analysis (R&DA) is a structured method-
ology that allows the modeling and representation of risk [I. INDEPENDENT TASKS

and uncertainty in a decision-making process [3], [18], [20]. The following notation and definitions hold for any number

Accord_ing to Howard [7], the first s'Fep of the decis_i(_)n probleer engineering tasks. However, the analysis and derivations,
analy_5|s IS the fqrmal represeqtaﬂo_n_ of the _d?msmn makefr‘?this paper, will be restricted to only two tasks: an upstream
real situation, which he calls a “decision basis.” The elemeq;tgsk taskA. and a downstream task. tagk Extensions to

of a decision basis are: the alternative strategies the decism@ basic modeling approach that will include more than two

maker faces; the information pertinent to the decision situaticira'Sks would require more assumptions and developments

and the preferences of the decision maker. The alternatiVery,o nominal duration of any taskis a random variabl®;
. . . . T
strategies may be readily available or may require further angleicp, is the time required to finish taskif all its requisite

ysis to generate. The information establishes the connectigg, mation is available. The nominal duration includes the

between alternative strategies and their respective outcomes,  time and all iterations internal to tasknternal iterations
This can be any model, relationship, or probability asslgnmedkfiact the randomness in the duration of a task resulting

The uncertainty surrounding the occurrence of the differeff .\, 41| factors other than the availability of precedence

poz_smle O,UtCOTe; |sd_rftfapresenteg byl_probal?lllty assignmets, mation. On the other hand, external iterations refer to the
A discussion of the different probability assignment and agzcess of task repetition due to the unavailability or change
sessment techniques is outside the scope of this paper gn redecessor information.

the interested reader is referred to [16] and [21]. Finally, |, the rest of this section we will assume that tasks

values associated with choosing an alternative strategy givﬁhuentially and in any order, then the sequential cycle time

a statg'of nature [20]. After establishing the decision bas'@ps)wi" be simply the linear sum of all task durations [1], [15]
a decision maker selects the best alternative strategy which

has the highest expected gain or lowest expected loss. The T,=D4s+Dg. 1)

first part of this paper (Sections 11-1V) derives and structurelﬁIne amount of risk taken in this case by either tasks is zero

the information needed for the decision analysis approact: . ; . . .
. ; ! Sifice the sequential strategy did not violate any relationship
namely, the outcomes associated with each alternative execu- .
or information dependency between both tasks.

tion strategy. The second part of the paper (Section V), ut|I|zesThe partial overlapping strategy can also be utilized. It

this framework to build a decision model for the CE decision _ . . ) . .
. . . requires, as mentioned earlier, a two-stage information trans-
problem. In addition, the decision analysis framework aIIOV\%

L . [ Since the two tasks are independent, the information
us to perform sensitivity analysis on all model parameters an L :
exchanged by the tasks is irrelevant and any change in one

assumptions. . . task’'s information does not impact the other. The risk of
The CE decision problem is modeled as a task managemen% . . .
a design change in the downstream task due to changes in

decision problem where the decision maker is investigatinﬁe upstream delivered information, from its preliminary form
the best execution strategy for a set of related tasks. Underi e P y b Y

. . . 0 its final form, is nonexistent. The overlapped cycle time
concurrent strategy, there is the risk of excessive downstre ) will be [15]: maximun{D.4, D) < T, < (D4 + Dg)
iterations resulting from the violation of a dependency link ° di h fA’ ]I; = So = 4 B
bet the two tasks. Under th la0Di trat epending on the amount of overlap.
etween the two 1asks. Lnder the overlapping stralegy, pre Finally, when both tasks start concurrently, then the con-
liminary upstream information was utilized by the downstrear@ ' . . '

o . ) urrent cycle time(7,) for this independent design problem
task and this information may change by the time the upstre% comes equal to the duration of the longest task [1]
task is completely finished. Therefore, the downstream tas

faces the risk of an additional iteration to incorporate the latest T. = maximum(D 4, Dg). (2)
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Using a similar argument to the overlapping strategy, we céask. The overlapping strategy is shown in (ii) of Fig. 1,
conclude that the concurrent strategy does not place the twbere A, and A, are the start and finish times of task
tasks at any risk. Changes in the exchanged information do Similarly, B, and By are the start and finish times of
not impact the other task. task B. If the downstream taskB is to start prior to the
Comparing the above three cycle time equations, and cdimish time of upstream taski, then the duration of the
sidering that the risk level in any case is zero, we concludgstream taskl 4, will not be affected but the duration of the
that the optimal execution strategy is the concurrent stratedgwnstream task is likely to vary depending Bn. Therefore,
which yields the minimal cycle time. It is important to note¢he total duration of taskB consists of the overlapping
that even though the tasks are independent, information caagnitudeg(z,) and a random variabl& 5, where(Dg—1t,) <
still be shared between the tasks. However, neither task wlllz < Dpg. The random variableXg, reflects the amount
benefit from this information sharing process. In contrastf rework in the downstream task after receiving finalized
information sharing is costly [6], [15], increases the durationpstream information. This rework is due to the possibility of
of the development process, and adds no value to the taskstream design changes during partial overlapping. Equation
involved in this case. Therefore, we will assume that whenev@®) describes the random variahleg and (4) expresses the
overlapping or concurrency is used for independent tasks, theycle time for the overlapped dependent design problem
will be treated as dummy information flows, where no time . .
is consumed in communication. This will keep the definition Xp=/f(B.) if B, <Ay iet,>0
of overlapping and concurrency consistent with the rest of the =Dp if B; = Ay iet,=0 3)
paper and at the same time will make sure that the minimum T, =Ds+ Xg. (4)

cycle time is attained.
If all the work accomplished by the downstream task, before

. DEPENDENT TASKS time Ay, is completely wasted, theXp = Dp and (4)
comeg D, + Dg). In this case, the overlapped cycle time
equal to the purely sequential cycle time. If some of the
downstream work (performed before tirdg) was useful, then
Xp < Dp and partial overlapping resulted in an improvement
to (1). In this model, the finish time of the downstream task
In the sequential execution strategy, tdskannot be started is greater than or equal to the finish time of the upstream
until task A is finished completely. Therefore, the sequentiahsk: By > Ay. This will guarantee two things. First, the
cycle time(T7}) for this design problem is expressed by (1). downstream task has to receive final upstream information
The cycle time expressed by (1) is maximal, but no risfto verify the preliminary information used earlier) before it
is taken on the behalf of tasl because the informationterminates. Second, no more than one downstream iteration
dependency between the two tasks was not violated: finaliagil be performed after the first planned downstream iteration.

, . . be
In the dependent configuration, let us assume, without I0|§s
of generality, that tasi8 is dependent on task.

A. Sequential Execution

design information was transferred to taBk Given that taskB starts at time(B, < Aj), it will be at
a disadvantage because of incomplete upstream information.
B. Partial Overlapping The magnitude of this disadvantage is captured by the expected

The sequential cycle time could be decreased if we allof@!ue of X&: E(Xp). The expected value for the cycle time,
some violation to the information link between the two taskd? this case, is
Th_at is, allowing taskB to start at some time before task E(T,) = E(D4) + E(X&). (5)
A is completed. However, if partial overlapping occurs, there
is a chance that the work accomplished by t@3kbefore FE(Xp) can be determined by using the concept of knowledge
task A is completely finalized, will be partially or completelyaccumulation. Knowledge accumulation curves were first in-
wasted due to the possibility of a design change in upstredaraduced by Sobieski [25] and then utilized by Krishnan [9],
information during the overlapping period. If, for example[10] and Yassine [26]. The knowledge accumulation curve of
the upstream design information does not change much durthg upstream taski describes the percentage of knowledge
partial overlapping, and that change has a small influence accumulated by task as a function ofD 4. This allows the
the downstream task, then partial overlapping is an attractigstimation of how much the upstream information is close
strategy [12], [15]. However, if either the magnitude or th&o its final form and the probability of an upstream design
impact of upstream design changes during overlapping is largbange. The probability of a later design change in upstream
then partial overlapping is a less attractive option. In theformation is calculated as — p, wherep is the percent of
worst case, partial overlapping will result in no improvemerknowledge accumulated by the upstream task at ti¥pe
to (1), but an increased cost as compared to the sequentidFig. 2 (Curve A) shows a sample knowledge curve for an
strategy [1]. automotive engine cylinder block design using estimates from

In this paper, the partial overlapping model relates the ethie designers at our study company. Details of this case study
pected value of the downstream task duration to the percentage discussed in Section V. For now, consider the two main
of completion of the upstream task. Our hypothesis is thattivities involved in this design process and assume that
there exists a nonlinear relationship between the amounttbéy are dependent (in reality, they are interdependent as it
overlapping and the duration of the dependent downstreavill discussed in Section V): cylinder block design (upstream



148 IEEE TRANSACTIONS ON ENGINEERING MANAGEMENT, VOL. 46, NO. 2, MAY 1999

% Completion Curvea Planned Random
100% Iteration Stage Iteration Stage
Y — Y,
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""""" (task A and B are interdependent) (b)
Fig. 2. Sample knowled lati for tak
[o] ample kKnowledge accumulation curve tor A IA1 l ,An
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i HER H H H
task) followed by casting operations (downstream task). Fig. 2 B |8 | B
shows that if casting operations are started at the fourth month ©

; . 0 : )
into the de_SIQn process, then Only 40_/0 of the mformathﬂg. 3. Execution patterns for two interdependent tasks: (a) sequential; (b)
on task A is accumulated and there is 60% chance of @erelapped; and (c) concurrent. Solid arrows represent final information

design change. Therefore, the probability 6 being equal transfer and dotted arrows represent preliminary information transfer.
to (Dp —t,) is 40% and similariyP(Xg > Dp —t,) = 60%.

_Once the probability of a design change is estimated frofia| overlapping. Ha and Porteus [6] conceptualize this
Fig. 2, we decompose it further into several elements. FOf,cess of information sharing as progress reviews during the
example, the design change probability can simply be dividgt,qy,ct design phase. Then they argue that reviewing too
into a drastic change and a small change. A drastic changg, ently might hinder, rather than improve, the progress
in upstream information, during overlapping, means that thg e gJownstream task because of the time consumed to
downstream task has to start from scratch after receiving fing),i ate and process the new partial information every time
upstream information at timél. In this case, the magnitudei; s recejved. Therefore, we will assume that if the tasks
of Xp is equal toDp. On the other hand, a small change ine gependent, and they are executed concurrently, then this
upstream information can occur during overlapping, resulting,cess will not require a CE team and hence will be called
in the waste of a fraction of the work completed by t@8k o qjie and not concurrent execution strategy. The information
before timeA;. In this case, there |s_asmall increase in prOJe%W and cycle time calculations, in the parallel strategy, are
cost, as compared to the sequential strategy, but overlappifigiiar to the partial overlapping strategy but the downstream

succeeded in reducing the magnitude of (1). The probabilitigg, commences simultaneously with the upstream task.
and magnitudes for each design change type can be estimated

from the designers of the downstream task. If we assume that

a small change in upstream information results in the waste IV. INTERDEPENDENT TASKS
of 50% of the work accomplished by tagk before timeAy, When the development process involves interdependent
then the expected value df z becomes tasks, the development process is divided into two stages: a

planned design stage and a random iteration stage. The first

E(Xp) =p+(Dp—to) + (1 —p) + [XpP(Xp)]  (6) stage contains only the initial attempts of both tasks with a

where XpP(Xg) = P(drastic changépDg) + P(small nominal duration:D 4 + Dg. The second stage contains all

change)Dg — 0.5¢t,). subsequent design iterations of both tasks. The two stages are
shown in Fig. 3(a). There is usually no confusion on what task

C. Concurrent Execution to start first in the interdependent tasks case. In most product

: . : development processes, interdependency between tasks is es-
As mentioned earlier, the main feature of the concurrent ex- "

i ; R -~ “Sentially a one-way dependency between an upstream task and
ecution strategy is the frequent bi-directional communication :

downstream task with a feedback loop from the downstream

between the two tasks. In the case of dependent tasks, theabl-

N ; ; task to the upstream task [9].
directional information exchanges are not necessary because
only one task depends on the other and this requires one
way information flow. In this respect, dependent tasks do Mot
really benefit from concurrency. However, one can argue thatinterdependent or coupled tasks can be executed sequen-
the higher frequency of information exchanges, found in thmlly as a series of alternating sequential tasks until a final
concurrent execution strategy, might improve the valu&gf agreement is reached [as shown in Fig. 3(a)]. In the planned
because the dependent, downstream task is instantaneoitshation stage, the upstream tadkstarts the design process

informed of upstream design changes that happen duriagd the results are delivered to the downstream faskhen,

Sequential Execution
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the downstream task operates on the upstream information asdumed to be independenti¢fand have a finite meah(»).
may suggest changes in the upstream design parameters. Tien, using Wald's equation [19] we find the expectation of
random iteration stage starts with the upstream task evaluat{8y to be

the suggested changes and reacting to the suggestions by per- )
forming an extra iteration, where the duration of the iteration is E(Ty) = E(Da) + E(Dp) + E(Y;), (1<is<n)
proportional to the magnitude of the suggested design change E(Ts) = Da+ D + E(n)E(Y). ©)

[10]. The latest upstream data are passed downstream and the

downstream task re-operates on them and re-evaluates tBeiPartial Overlapping

feasibility. The magnitude of both upstream and downstreampartial overlapping of interdependent tasks can be modeled
task iterations are described by the two random variables s an extension to the partial overlapping model for dependent
andYs, respectively. This process is repeatetimes until the  asks. In addition to the risk of infeasibility detection, dis-
design is refined and both tasks agree, whefe the random ¢y ssed earlier, the risk of a redesign in the upstream task during
variable describing the number of iterations of both taskghe overlapping period will be included. Similar to overlapping
The design process cycle time for the sequential executigBpendent tasks, if a change in the design parameters of the

of coupled tasks becomes upstream task occurs during overlapping, then the downstream
n task increases by an amounig to incorporate the design

T,=Ds+ Dp +Z[YAi + Yg;). (7) change. The magnitude of the downstream task duration

i=1 increase is a function of the magnitude of the design change,

as discussed in Section lll. Then, the cycle time for the

Since bothY, and Yp always occur as a couple, we will g )
overlapped interdependent design problem becomes

combine them into one random varialife Then (7) becomes

T,=Di+Dp+3> Y ®) TO:DA+XB+§;E. (10)
i=1 =
The infeasibilities detected by the downstream task C‘lerggorder to calculateX g, we need to estimate the probabilities
be classified as minor, moderate, and major. The probabil@ upstream design changes.during the overlapping peripd.
distribution can be assessed from the expertise of the designe}l?? ca;n behdone by constru;:tlrjrgh the knovc\jlledgg azcumulatlon
(based on similar and previous design situations) involv&yVe for the upstream task. The procedure Is the same as

in the downstream process. Similarly, the combined durati scribed in Section Ill. However, the curve will never reach
of an upstream iteration and a downstream iteration can 100% knowledge point even by tinagy tasksA and B

assessed from experts in the design process. For the cyIiniairete[1 |ntterdepterf1denttsnd tr;]o Or_ﬁ] tal‘:'k ISI cg)mpletely f|r|1atl_|zed
block example, we interviewed experts from both engineeri out input Trom the other. The knowleédge accumulation

design and casting operations and were able to assess t Lye for the cylinder block example, introduced earlier, when

probabilities and values. The probabilities of minor, moderat (,)t tasks are interdependent is shown in Fig. 2. This figure

and major infeasibilities are 10%, 30%, and 60%, respective?ows that by the time task finishes its firs_t design iteration,
The duration of an extra design iteration resulting from i, has accumlulated only 70% of t_he Qe5|gn knowledg.e_. The
minor, moderate, or major infeasibility is one week, twé’th?r 39% W'" be accumulatgd with “”.‘e through additional
weeks, and one month, respectively. Then, the expected Vaﬂ?ggn iterations. These addltl_onal _deS|gn iterations are what
of Y is E(Y) = SY P(Y) = 0.775 months. was cqlled earlier the random |ter_at|on stage. The overlapping
gxecution strategy is shown in Fig. 3(b).

hFinaIIy, we will consider overlapping only for the planned
esign stage (i.e., initial attempt of both tasks). After the

example, our interviews with experts from engineering desi itial attempts, both tasks will alternate sequentially. The
and cast’ing operations resulted in the following probabili asic reason for this latest restriction is that the occurrence of

distribution:n = 1,2, 3 with 30%, 40%, and 30% probability, ny subsequent iteration is uncertain. That is, the first planned

respectively. The expected valuerofs E(n) = SnP(n) =2 design iteration might be successful.
iterations. )

It is not obvious how the probabilities, associated witfr: COncurrent Execution
the different types of infeasibilities, change with subsequentThis section discusses the impact of bi-directional and
iterations. Rectifying an infeasibility could trigger anotherfrequent communication patterns, which characterizes the con-
which had not existed earlier, and that infeasibility couldurrent execution strategy, on the cycle time of interdependent
be smaller or larger than the previous one. What exactigsks. The desired communication patterns in the concurrent
will happen is difficult to determine, and for simplicity westrategy are accomplished through a CE team that is formed
assumed that the probabilities will remain constant [22]. The the early stages of the upstream task and consists of
above discussion motivates two assumptions abgutl < representatives from both upstream and downstream tasks. The
¢ < n), the duration of each iteration, and the number main function of the CE team is to enhance the knowledge
of iterations. First,Yy,...,Y, are independent, identicallyaccumulation rate for the upstream task by including and
distributed, and have a finite meaB(}"). Second,n is discussing downstream concerns early in the development

The number of iterations required to refine the design c
be approximated from the experience of the designers wi
similar development projects. For the cylinder block desi
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process. This will allow the downstream task to start con-  gpgineering Design Casting Operations
currently with the upstream task. The upstream task duration
might increase, when a CE team is involved, because more
points of view are aired and more concerns are considered.
The concurrent execution of interdependent tasks [Fig. 3(c)]
is similar to the partial overlapping model (discussed in
the previous subsection) but with some modifications. First,
we push the start time of the downstream task to start si-
multaneously with the upstream task, and then we do not
allow for subsequent iterations of both tasks to alternate. All
subsequent task iterations (within the same task) proceed one
after the other with no idle time between them. The number
of iterations of both tasks and the magnitude of iterations
are not necessarily equal. We will assume that taskvill
perform n iterations and taskB will perform m iterations
before the two tasks terminate. After all the iterations of the
upstream task terminate at most one downstream iteration will ) )
be necessary. This will guarantee ttit > A, for the same F19- 4 Cvlinder block design process.
reasons discussed in Section IlI-B. The magnitude ofithe
downstream iteration’z; (0 < Yp; < D) can be assessedfeasibility. Therefore, the equations developed in Section IV
from the expert of the downstream designers. The resultd¥itl be used to evaluate the execution patterns. In this case

DETAILED PROTOTYPE
DESIGN BLOCKS
CASTING
DEVELOPMENT

cycle time for the concurrent case becomes study, we intend to demonstrate analytically the magnitude of
n the impact of preliminary information sharing on the cylinder
_ ) block development lead time.
Te=Datct ;YAZ Yo (1) The following is a brief description of the cylinder block
development process. The process flow is shown in Fig. 4.
where Engine block designers (the upstream task) receive “high-
c the increase in the upstream task duration due to G&vel” description of the engine specifications (i.e., number of
team involvement; cylinders, power and torque requirements, and space available)
n the number of upstream iterations subsequent to tich they convert into a detailed cylinder block design. Once
planned one; the block design is detailed and documented, it is passed to the
Y4  the magnitude of theth upstream iteration in the casting department to evaluate its castability (i.e., feasibility
random iteration stage; from a casting view point) and extract from it the design of the
m  the number of downstream iterations subsequent éand cores. Finally, the designs of the sand cores are passed to
the planned one; a supplier to build the soft casting tools (core boxes) necessary.

Y5, the magnitude of thenth downstream iteration.  The first set of soft tools are used to produce prototype block
castings. After layout and inspection of the prototypes, design
V. CYLINDER BLOCK DESIGN APPLICATION changes to the block might occur to rectify any structural

This section discusses a real-world example that con¥s mechanical defects. This task is usually referred to as

from the development of a cylinder block at U.S. automotiveSting development. In the sequential engineering approach,
fpoth engineering design and casting operations will alternate

firm. The data were collected over a five-month period fror; ; - _ !
January to May 1994. The methodology was not implementgﬁrat'or‘s and design changes until an agreement is reached.

by the firm due to lack of management support for probabilistid!iS extensive iterative process is costly and time consuming.
thinking in a decision-making context. Although the method 10 reduce the development cycle time, casting operations

suggests potential cycle time reduction, it was not used %€ considering to start core designs before the engineering
reduce the cycle time in this instance. design phase is completely finished. The decision model built

The development of a cylinder block (from concept t(f)o.r the cylinder block development process evaluates the three
prototyping) involves three different activities: engineering"cf‘artar‘t approaches of product development: sequential; par-
design: casting operations; and machining operations [2Bfl Overlapping; and concurrent. In developing the framework
In this paper, we will examine the interaction between efr this decision problem, two main decisions are considered:
gineering design and casting operations. These two tasks aré) €xecution strategy—sequential versus partial overlap-
essentially dependent with engineering design starting first, PINg versus concurrent approach;
then the design information is transferred downstream to2) magnitude of overlapping between engineering design
casting operations for further processing. However, these two ~and casting operations if the partial overlapping strategy
tasks are also interdependent due to the fact that no engineering Was selected.
design for the block will be complete without casting inpufThe objective of the model is to reduce the development time
and at the same time casting engineers need to have a complet minimum at a reasonable cost increase. Management will
engineering design before they can comment on its castidgcide what is a reasonable cost increase depending on the
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Fig. 5. Cylinder block decision tree.

nature of the product at hand and the relative importance of TABLE |

reducing the lead time when Compared to development COSEEVELS OF DESIGN INFORMATION CHANGE DURING THE OVERLAPPING PERIOD
BASED ON OVERLAPPING START TIMES: 7 < ¢t < 10 anD 10 < ¢ < 13

Design Change | Duration - Xg | Probability: P(Xg) | Probability: P(X3)
A. Randomness (months) 7<t<10 10<t<13
Several internal iterations occur in this design process which ___Small Dy-(50% ) to 30% 70%
Drastic Dg 70% 30%

reflect the randomness in the duration and cost of design
activities. In the engineering design phase, internal iterations
occur as a result of the |_nab|I|ty of the detailed de5|gner§ Iﬂree levels: one; two; and three, with probabilities equal
fulfill all conceptual requirements. Therefore, they negoua&e . .
- L - 0 30%, 40%, and 30%, respectively. The other is for the
some deviation from the initial concept. Analogously in thxa : D : T
. . : . uration of this iterative process and has three levels: minor;
casting phase, core designers negotiate the design of cares i . . .
. . , ; moderate; and major. Representative verbal description of the
with casting tool suppliers whenever the tool builders arg . .
: ; : three different levels is as follows.
incapable of producing a certain core shape. All of these . . ) ) . )
internal iterations are modeled by the random varidbjeand Minor: a dimensionally infeasible feature that requires
captured in the decision model by a chance node for each a change in location or size. _
internal iteration process (see Fig. 5). The chance nodes hav&1oderate: a mechanical problem that is easy to get rid of,
three levels each. such as problems requiring the addition of ribs

Early: no internal iterations (probability of occurrence oo texture: ) )

= — 25%) G y Major: a mechanical problem that is hard to get rid of.
On-Time: only one extra iteration (probability of occur- It usually requires a change in the engineering
- design, such as some types of metal shrinks.

rence= 50%). : _
two or more extra internal iterations (probability The next chance node is related to the upstream design

of occurrence= 25%). changes during the overlapping period. Core designers have
External iterations capture the impact of information intef® incorporate these design changes through a “core design

dependency or coupling between two or more activities. Hpdate” task. This chance node is the random varidbig
this case study, external iterations occur between engineerfiigcussed in Subsection I1I-B. We will discretize it into two

design and casting operations when a casting infeasibill§vels of core design updates.
in the design is detected. This process is included in our Smal: a change that requires simple modifications to

decision model, shown in Fig. 5, by using two chance nodes: the core designs (deleting/adding a feature to an
infeasibility magnitude and design process iterations. One node established core box) such as a change in the
represents the number of possible external iterations and has number of head bolts.

Late:
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TABLE 1l
TIME AND MAN-HOUR REQUIREMENTS
Months Participants # % Time Man-Hour
ENGINEERING DESIGN PHASE
Specifications 1 1 100 (full) 176
Concept design 3 1 100 528
Detailed design (early) 5 5 100 4400
" (on-time) 6 5 100 5280
" (Late) 7 5 100 6160
Drafting 3 1 100 528
CASTING OPERATIONS PHASE
Core design (early) 5 5 100 4400
" (on-time) 6 5 100 5280
" (tate) 7 5 100 6160
Tool Construction (early) 1.5 2 30 158
" (on-time) 2 2 30 211
" (late) 2.5 2 30 264
Casting Development (early) 1.5 4 3(100%) & 1(60%) | 950
! (on-time) 2 4 3(100%) & 1(60%) 1267
" (late) 2.5 4 3(100%) & 1(60%) 1584

Drastic: a change that requires a complete redesign of oper month and 40 h per week. Table Il is a summary of
or more cores; this is usually related to a changal relevant data for both attributes. For example, the spec-
in one of the major block parameters such afications activity, which is part of the engineering design
changing the number or size of cylinders. phase, takes one month to finish using one designer working

The probability and duration of each design update tygell time.
depends upon the “Overlapping_Start_Timg,which is the A similar table can be constructed for the CE team approach,
time at which overlapping is started. For example, if overlafut the only change would be the addition of the CE team man-
ping starts between seven and ten months into the engineefi@yrs throughout the design process. In order to calculate the
design activity and a design change occurs, then the probabifliign-hours requirement for the CE team, we need to know
of this change being small is 30%. The time required by castiff§ formation. The CE team consists of one block engineer, a
to incorporate such a change in design information is equal@asting design representative, and a machining representative.
[Dp—50%(t,)]. The rest of the design change levels with theifhe CE team involvement during the early stages of the
(expert estimated) probabilities and casting response duratiésign process is higher than its involvement toward the end
are listed in Table I. The last column of the table is use@ue to the resolution of most serious problems and concerns
when over|apping times range between ten and 13 montHgstream. Therefore, we averaged the contribution of the CE
The reason for having two different sets of probabilities fdfam members throughout the design process to 15% of the
different overlapping time periods is to reflect higher levels d¢fme. This will result in 80 man-hours increase in every month
risk for earlier overlapping start times. during the design process.

The last chance node is the random varialilg (discussed
in Subsec.tion' IV—C_:). In this. decision model,.we (.:alled. ib Decision Analysis
“core design iteration magnitude” and was discretized into o ] o
three levels: minor; moderate; and major. The probability of The decision tree is shown in Fig. 5. Note that the tree and
occurrence of each level is assessed from casting expert@igthe forthcoming expected values and sensitivity analysis
be 30%, 30%, and 40% for minor, moderate, and majd}glculanons were produced using the Decision Programming

respectively. The magnitude of each is also assessed toLg89uage (DPL) software [4]. For the overlapping strategy,
one, two, and three weeks, respectively. no specific value for the overlapping start time was initially

specified in the decision model. Instead, value sensitivity
analysis on the decision variable “Overlapping_Start_Time”
B. Consequences Assessment (t) was performed to determine the optimal overlapping start
Two attributes were used to evaluate the consequentiese. Fig. 6 shows the optimal decision profile when varying
of each decision and random event. The optimal decisitimee overlapping start time fromm = 7 months tot = 13
will be a tradeoff between both of these two attributes [linonths. The lower limit was selected as seven months to
The first attribute used in the decision model is “calendguarantee that the downstream task does not finish before the
time” (in months). It reflects the duration of the overalupstream task.
development process. The other attribute is the “man-hour"The graph in Fig. 6 shows that the expected cycle time is
(in hours) consumed. The man-hour attribute is used to reflect increasing function of, the overlapping start time. The
the cost ramification of the alternative courses of actiodecrease in total development time, when overlapping is used,
Calculations for the man-hour values are based on 22 dagsxplained by the fact that the mean incremental increase in
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Fig. 6. Sensitivity to overlapping start time.

development time due to core design updates is smaller trdevelopment time which resulted from the concurrent strat-
the mean decrease in development time due to overlappiegy. Therefore, the optimal solution is to execute the tasks
Therefore, we conclude from the figure that when partigbncurrently.
overlapping is used, the minimum cycle time is attained by
starting the overlapping processtat 7 months. , i i

Fixing the overlapping start time at seven months (for tHe: Cumulative Risk Profiles
partial overlapping strategy) and running the decision modelRisk profiles provide the decision maker with insight into
gives 24.55 months for the sequential strategy, 21.85 monthkky one decision policy might be better than another. They
for the partial overlapping strategy, and 20.15 months fehow the probability distribution of the value of the optimal
the concurrent strategy. Therefore, the optimal policy is thkecision policy and are usually represented by a cumulative
concurrent strategy. probability distribution. By a quick look at the risk profile of

Running the model with the man-hour attribute, we reacheddecision policy, one can see the range of possible outcomes
a different optimal policy. The sequential strategy was pref that policy.
ferred with an expected value of 14 634 man-hours. The resuliThe cumulative risk profiles for both the sequential and
is not surprising because partial overlapping increased tbencurrent strategies are shown in Fig. 7. The figure shows
man-hours used in casting operations through the core dedigat the concurrent and the partial overlapping strategies
update task. Further, the concurrent approach increased doeninate the sequential strategy. That is, under concurrent
man-hours due to the participation of the CE team in the designpartial overlapping, there is always a higher probability of
process. Performing sensitivity analysis on the “overlappiraghieving a certain cycle time as compared to the sequential
start time” variable showed that the expected man-howtategy. When comparing the curves for concurrent versus
requirement is a decreasing functiontpthe overlapping start partial overlapping, we see that the partial overlapping strategy
time. That is, ag varies from seven months to 13 monthshas a bigger spread than the concurrent strategy. This means
the expected man-hours requirement for the design procésat there is a bigger variability in the partial overlapping
varies from 17102 h to 14634 h respectively. The expectsttategy and also there is some chance in achieving higher and
man-hour requirement for the concurrent strategy is 18 14#iver cycle times than the concurrent strategy. We can also
h with a difference of 3513 h (or an increase of 24%) asote that there is almost a 40% chance that the development
compared to the sequential strategy. Consulting with desiime will be 20 months or less if either the concurrent or the
participants on this issue, it was found out that the managemeattial overlapping strategy is used. Beyond this point, the
of the cylinder block design process would prefer to takeoncurrent strategy yields a higher probability for achieving a
this cost increase in order to attain the expected minimueertain development time. The intersection of both curves also



154 IEEE TRANSACTIONS ON ENGINEERING MANAGEMENT, VOL. 46, NO. 2, MAY 1999

09 -
08 -
O0-O-0-0-0-0-0-0
07 4 Sequential
Probability OO0 OO0
05 Overlapping
04 -
03 Concurrent
02 -
04 -
0

Expected Cycle Time

Fig. 7. Cumulative risk profiles.

mean that non of the strategies dominate the other, and th@r¢ to 0.8 (initially set to 0.45). Its sensitivity graph is shown
is some region where one is better than the other. in Fig. 9. The figure shows that the optimal strategy changes
from concurrent to partial overlapping when the probability
of no change in preliminary engineering design information
increases to 70% or more. We have also performed sensitivity
Sensitivity analysis is an important part of R&DA becauseanalysis on the probabilities and duration of small and drastic
it involves checking the effects of the model assumptions adésign changes (during the partial overlapping period). The
parameters (values and probabilities) on the model soluti@ptimal policy was insensitive to reasonable changes in those
Therefore, our initial estimates, for the model parameters, negdues.
not be very accurate. After performing sensitivity analysis on
all the values and probabilities used in the decision model,
we will be able to determine which parameters in the model
impact the optimal solution and which ones are insignifi- In this paper, we have introduced the notion of design
cant. Then, these significant parameters can be revisited atricture versus design schedule and showed how can CE
carefully re-assessed. benefit from the discrepancy between both models. Then, we
Sensitivity analysis was performed on the optimal strategieveloped a probabilistic model of the design process that
to see the impact of variation in some of the probabilities aradlowed us to investigate the benefits and risks of partial
values on the optimal decision. First, we will determine theverlapping and CE practices as means to improve the design
impact of varyinge, the increase in the engineering desigprocess. This, in turn, allowed us to determine analytically the
(upstream task) duration due to the CE team involvemesptimal overlapping magnitude if partial overlapping is to be
(initially set to 1.5 months). The value ofwas varied between used.
one and four months, as shown in Fig. 8. From the figure weApplying this probabilistic modeling approach to the cylin-
see that the optimal policy (concurrent execution) does ndé¢r block development process suggested 18% reduction in
hold once the value of is larger than almost 2.5 months. Indevelopment time when compared to the sequential duration
this case the optimal policy becomes the partial overlappiing 24.5 months. The reduction in development time came at
strategy and the cycle time becomes 21.85 months wharsubstantial increase in development cost as reflected by the
overlapping starts at = 7 months. Second, the value 0f24% increase in the man-hour requirement. This suggests that
“No_Change_Probability” (at = 7 months) was varied from CE can be an expensive option and it should be used when

E. Sensitivity Analysis

VI. CONCLUDING REMARKS
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the reduction in development time has much higher priority in Proc. ASME Design Theory and Methodology Cotf93, DE-vol.
than cost. Otherwise, management should consider the partial 3. Pp. 223-231.

. . ] V. Krishnan, S. Eppinger, and D. Whitney, “Accelerating product de-
overlapplng alternative that can also reduce (bUt to a Ieséjec} velopment by the exchange of preliminary product design information,”

extent than the concurrent strategy) the sequential development j. Mechanical Designvol. 117, pp. 491-498, Dec. 1995.
time at a smaller cost increase. For example, they can selBdt V. Krishnan, “Managing the simultaneous execution of coupled phases

; : ; in concurrent product developmentEEE Trans. Eng. Managvol. 43,
the level of acceptable cost increase and find the overlapping bp. 210217, May 1996,

start time th_a;t .COI’I’eSpOI'.ldS to It. L [12] V. Krishnan, S. Eppinger, and D. Whitney, “A model-based framework
The sensitivity analysis performed on the decision model to overlap product development activitiedfanage. Sci.vol. 43, no.
showed that the optimal solution is sensitive to the amount of 4. Pp. 437-451, Apr. 1997.

: : : : [38] M. Lawson and H. Karandikar, “A survey of concurrent engineering,”
increase in development time due to CE team involvement. e Concurrent Engineering: Research and Applicationsl. 2, pp. 1-6,

this increase is larger than 2.5 months, then it will not help in 1994,
reducing the development cycle time and partial overlappirig#] D. Lee, “Management of concurrent engineering: Organization concepts

will be a better option. For the overlapping strategy, the ?Sgea{gggework of analysisEng. Manage. Jvol. 4, no. 2, pp. 15-25,

p'robabiIiFy of a deSign Che}nge during overlapping hgs ﬂ]?S] C. Loch and C. Terwiesch, “Communication and uncertainty in concur-
biggest impact on the optimal strategy. A change in this rent engineering,Manage. Scj.to be published.

probability from the initially assumed 0.45 to 0.7 or higher16] M. Merkhofer, “Quantifying judgmental uncertainty: Methodology, ex-

. . : . periences, and insightslEEE Trans. Syst., Man, Cyberwol. SMC-17,
will make the overlapping policy a better alternative than bp. 741-752, Sept/Oct. 1987,

concurrent execution. [17] M. Morelli, S. Eppinger, and R. Gulati, “Predicting technical communi-
Several extensions and improvements to the work presented cation in product development organization&EE Trans. Eng. Manag.

in this paper are possible. First, we considered three majn Vol 42, pp. 414-425, Aug. 1995. _
ti trateqi but devi binati ] H. Raiffa, Decision Analysis Reading, MA: Addison Wesley, 1968.
execution stralegies, but one can devise a combinalion exe B' S. Ross,Introduction to Probability Models New York: Academic,

tion strategy and determine its effectiveness in reducing the" 19ss.
cycle time. One combination strategy might be utilizing a CR0] D. Samson,Managerial Decision Analysis Homewood, IL: Irwin,
team in partial overlapping or even in the sequential executign 1988

h. S d | . inl ined b ZH G. Shephard and C. Kirkwood, “Managing the judgmental probability
approach. Second, overlapping was mainly examined betwee elicitation process: A case study of analyst/manager interacti&fE

two coupled tasks. We think that the same methodology can Trans. Eng. Manag.vol. 41, pp. 414—425, Nov. 1994.
be expanded to include overlapping between three or md#@l R. Smith and S. Eppinger, “Modeling design iterations,” Massachusetts

coupled tasks. Finally, more accurate methods for knowledge 'JrLSrféTle;ggo" Sloan School Manage., Working Paper, no. 3160-90-MS,

accumulation can be used to provide better estimates of desjg} r. smith, “The historical roots of concurrent engineeringEE Trans.
change probabilities and impacts, thus improving the overall Eng. Manag. vol. 44, pp. 67-78, Feb. 1997.
model soundness. [24] R. Smith and S. Eppinger, “Identifying controlling features of engineer-
ing design iteration,"Manage. Scj.vol. 43, no. 3, pp. 276-293, Mar.
1997.
[25] J. Sobieszczanski-Sobieski, “Multidisciplinary optimization for engi-
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