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Abstract—New product development is an important business I. INTRODUCTION

process and constitutes a major contributor to the business . . .
excellence of any manufacturing firm. Designing an optimized EW PRODUCT development is an important business

new product development process is an important problem in process and a major contributor to the business excel-
itself and is of significant practical and research interest. Lead lence of any manufacturing firm. The new product develop-
time is an important performance metric for a product de- ment process encompasses the set of all activities beginning
velopment organization. In this paper, we develop lead time with the perception of a market opportunity and ending in

models for product development organizations that involve mul- th ful ducti f lit duct. Ulrich d
tiple, concurrent projects with contention for human/technical 1€ SUCCESSIUL production or a quality product. Ulrich an

resources. The objective is to explore how the lead times can beEppinger [1] provide an overview of all activities and functions

reduced using efficient scheduling, input control, load balancing, encompassed by the product development process and identify
and variability reduction. The models are based on single class five major phases: Concept development, system-level design,
and multiclass queueing networks and capture important facets detailed design, testing and refinement, and production ramp-

of a product development organization, such as: concurrent Th | | desi d the detailed desi h
execution of multiple projects, contention for resources, feedback UP- The system-level design and the detailed design phases

and reworking of project tasks, and variability of new project together constitute the product design process. In this paper,
initiations and task execution times. Within the new product we are concerned with the new product development process
development process, we focus attention on the product designipn general and the product design process in particular.
process, which is an important subprocess. Two product design Product development is an interdisciplinary activity. It
organizations, which we call Company ABC and Company XYZ, . . . . e
provide the real-world setting for our model-based lead time Mainly involves three broad functions: marketing, design, and
reduction. First, we present a coarse, conceptual queueing net- manufacturing. There are many challenges involved, including
work model of Company ABC and show how rapid performance numerous opportunities for trade-offs at various stages,
analysis can be used to explore opportunities for accelerating dynamics of technology, customer preferences, competition,

the design process. In particular, we show how effective input : .
control, process control, load balancing, and cross-functional pressures to bring the product to market quickly, and

work can cut the lead times. Next, we present multiclass queueing Ofganizational reali_ties_. A_p_roduct deyelopment organization is
network models (re-entrant lines) for both the companies ABC the scheme by which individual designers and developers are

and XYZ. The re-entrant line models show up certain scheduling linked together into groups. If the emphasis is only on product
issues pertaining to internal flows in the product design net- design, we call such an organization as a product design

work. Using a class of fluctuation smoothing scheduling policies, - .
we demonstrate how lead times can be reduced appreciably, organization. A product development organization executes

without committing additional resources. The models presented & prO_dU(_:t development process Wh"e a product design
are sufficiently generic and conceptual, and will be of much organization executes a product design process. As already

value in project planning and management in product design stated, in this paper, we discuss the product development
8;92252::822 and also more generally in product development process in general and the product design process in particular.
g ' We use the acronym PDP to mean a product design process
Index Terms—Pesign cycle time, lead time reduction, multiclass or a product development process, based on the context.
queueing networks, new product development process, product gimilarly, we use the acronym PDO to refer to a product
design process, re-entrant fines, resource contention. design organization or a product development organization
as per the context. Also, the term DLT refers to (product)
development lead time or (product) design lead time as the
case may be.

_ , _ , _ Designing an optimized PDP is an important problem in
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feedback, and ultimately realizing higher profit margins [2hre conducted with the model to focus on various strategies

Thus product design/development managers are continuously accelerating new product development projects.

looking for techniques to shrink the lead times of new product Eppingeret al. have looked into the modeling of a product

development projects. Several articles and books in recaetsign process using signal flow graphs [12] and explored the

times have addressed this problem of PDP acceleration, &ffect of design iterations on the distribution of design project

example see the articles by Adlet al. [3]-[5], Zirger and lead time. However, they do not consider concurrent execution

Hartley [2], Hauptman and Hirji [6], and the books by Smitlof multiple projects in their study.

and Reinertsen [7], and Wheelwright and Clark [8]. Alexander [13] came up with the idea that a queueing
A typical PDO, according to many published articles andetwork framework could be used to capture congestion and

case studies [3]-[5], has the following important features: resource contention features of a multiproject PDO. In this

]_) mu|tip|e, concurrent design or de\/e|opment projects mork, essentially QN models were used to identify bottleneck

progress; resources in the system and for effective management of
2) contention for human/technical resources in the orgaffSources.

ization: Harrison and Loch [14] advocate the use of simple stylized
3) feedback and reworking of project tasks; queueing network models to study the quantitative impact of
4) randomness in task execution times and arrivals of né@put conditions on the performance of any business process,

projects. so as to develop broadly applicable intuition about the process

Recognizing the importance of lead times or project Cycrg}en‘ormance. They emphasize the effect of variability on
times in such PDO's, it is our objective in this paper tSystem performance..Buzacott [15] has alsq suggested the use
develop lead time models of such PDO’s using single class afdconceptual queueing models in evaluating the effects of
multiclass queueing networks [9], [10]. The project dynamid§€Ngineering in organizations. _ o

in a PDO is slow compared to that of a production process on!l theé manufacturing arena, lead time reduction is an
a factory floor. In this paper, we explore and demonstrate t/jBPortant subject. For example, Hogp al. [16] emphasize
validity of queueing network models in capturing the dynamid§e role of variability reduction as a means of reducing cycle
of PDO’s to obtain important insights into lead time reductioriMeS: USiNg a queueing theoretic framework. The book by
There have been related efforts in this direction, notably tht?PP and Spearman [17] contains several ideas on lead time
work by Adler et al. [3], [5] (a more detailed review of reduction, again from a queueing theoretlc perspectwe. Surl
relevant work follows in the next subsection). However, the-8] has explored the use of queueing models in the design
lead time models presented in this paper are more detailed &R @nalysis of quick response manufacturing systems. There
realistic, offer more insights into PDO dynamics, and furthé'® also interesting case studies on lead time reduction, see for

help synthesize the contributions of relevant literature to tff&@mple, Bourland and Suri [19] and Bourland [20]. Many
specific context of PDO modeling. ideas embodied in these works can be used in the product

design and new product development contexts.
Zirger and Hartley [2] look at many prominent techniques
that have been employed for reducing the development lead
A. Review of Relevant Work times of new products and argue using case studies of several

Process modeling as a means of improving industrial ne&lectronics companies that fast developers had teams that were
product deve|opment was reported by Cooper []_1] who d@toss-functional, dedicated, included fast time to market as
veloped a seven-stage model for describing the activitid@sdevelopment goal, and overlapped development activities
from product Conception to product launch. Such a proce\ggerever possible. Millsont al[21] have enumerated several
model is shown to be a good foundation for acceleratirigtuitive principles for acceleration of product development
the product development cycle. The articles by Addral. Projects. The use of concurrent engineering, process concur-
[3], [4] formulate a single class queueing network model fdency, and overlapped execution of project tasks in speeding up
a real-world product development organization and condufe product development process is investigated by Handfield
a rich variety of experiments with the model to bring ouf22], Hauptman and Hirji [6], and Krishnan [23], respectively.
several strategies for speeding up the product developmenBcheduling of design or development projects in order to
process. In fact, the case study of Company ABC that v@ptimize a suitably chosen objective function is also of interest
discuss in this paper is taken from the study of a plastié¢re. The use of mathematical programming techniques has
industry found in these papers. In these papers, the authd@en explored by Belhe and Kusiak [24], [25] and by Liu
argue that process models are better than project models &bal- [26].
reasoning about and improving the performance of PDO’s o )
with multiple, concurrent, nonunique projects. The authofs OPiectives and Outline
present a process model from which they create a singleThe aim of this paper is to propose queueing networks
class queueing network model which is parameterized usiag a conceptual process modeling tool for PDO’s having
a detailed set of measurements in a real-world organizationultiple, concurrent, nonunique projects involving contention
The model so created is simulated in a variety of resouré@ resources and uncertainties of various kinds. The focus
allocation and decision-making scenarios and validated agaiisston lead time modeling, motivated by the preeminence
the performance measured. Many what-if type of experimerds lead time in providing competitive advantage to PDO'’s.
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We explore queueing networks [9], [17] as the lead timeut how rapid performance analysis of the queueing network
models, motivated by their success in factory floor modelingiodel can be used to estimate development lead times under
However, since there are both similarities and differencasvariety of resource allocation scenarios and to identify and
between a factory floor and a PDO, the fact that queueirgploit opportunities for reducing the lead times. We then
models are successfully used in factory floor modeling, Bgcus on the probabilistic re-entrant line models and fluctuation
no means, implies trivial extension to modeling the dynamicsnoothing policies. We show that by intelligently selecting
of multiproject PDO’s. For example, the project dynamics ithe next task class to be processed, one can reduce lead
a product design organization or in a product developmetithes in a quite innovative way. In Section IV, we discuss the
organization is slow compared to that of a production procegerformance and lead time reduction in respect of the company
on a factory floor. Furthermore, resources in a PDP are X¥Z, which is a multiproject design organization for PCB's.
a totally different nature, namely design engineers, technidétst we present a probabilistic re-entrant line model and next
resources, engineering workstations, etc. A primary objectinvee explore model-based lead time reduction.
of this paper is to show that in spite of the these differences,
queueing network models can faithfully capture the dynamicR. QuUEUEING NETWORK MODELS OF DYNAMICS OF A PDP
of project execution in a PDO at a certain level of abstraction,
namely the level of abstraction of a product developmefit Generic PDP
manager or design manager. We would like to validate thEAccording to Ulrich and Eppinger [1], a product develop-
use of such models in accurately capturing the dynamics @knt process is the sequence of steps or activities that an
PDO’s, leading to important insights into lead time reductiomnterprise employs to conceive, design, and commercialize a
In this paper, we first show that coarse queueing netwopkoduct. Some organizations define and follow a precisely de-
representations of PDO’s can be used in designing a quidked PDP while many others may not even be able to describe
response PDO by carrying out rapid performance analysigir processes. Also, the processes of different organizations
under a variety of alternate scenarios. This uses essentiffye some differences and unique characteristics. According to
the same approach as in the articles by Adierl. [3], [4] Cooper [11] who constructs a process model for a typical PDP,
and adapts the lead time reduction strategies employed in ghevell-defined process enables better control and tracking of
production process and business process context by Harrigesduct development or design projects. A generic PDP can be
and Loch [14], Hoppet al. [16], Hopp and Spearman [17], visualized as comprising five phases [1]: concept development,
Bourland and Suri [19], and Bourland [20]. These coarse graggstem-level design, detail design, testing and refinement, and
models can be solved using standard algorithmic technigys®duction ramp-up.
from product form queueing network theory. In concept developmenthe needs of the target market are
Second, we show that such PDO’s can be more acddentified, alternative concepts are generated and evaluated,
rately described by a probabilistic re-entrant line (which iand a single concept is selected for further development.
a multiclass queueing network) [27], [28] and such a mod&he system-level desigphase arrives at the definition of
can be used in obtaining additional insights into reducin@le product architecture in terms of various subsystems and
development lead times. The use of probabilistic re-entrasémponents, and typically generate a geometric layout of the
lines makes the models far more realistic than the coarse singteduct, a functional specification for the subsystems, and a
class queueing network models and enables subtle, interpalcess flow diagram for final assembly. THetail design
scheduling issues to be revealed, motivating the use of flucphase includes the complete specification of the geometry,
ation smoothing scheduling policies [29] and other queueimgaterials, and tolerances of all distinct parts in the product
techniques in achieving lead time reduction. Such detaileéld preparation of a bill of materials and parts to be procured
models cannot always be solved using algorithmic techniquigsm suppliers. This phase also generates a detailed process
but may have to be analyzed only through simulation. plan and tooling for each part. In thesting and refinement
The lead time models in this paper are explored in thghase, multiple prototype versions of the product are built and
context of two case studies. The first one is that of a produessted (alpha prototypes and beta prototypes). Detailed testing
development organization studied earlier by Adétral. [4]. is done to determine whether or not the product will function
We call this organization as Company ABC. The second omecording to specifications and whether or not it satisfies the
is a PCB design organization in Bangalore, India, which weustomer’'s needs. Finally, in th&roduction ramp-upphase,
call as Company XYZ. the product is made using the intended production system. The
In Section Il of this paper, we describe briefly the archiproducts produced during this phase are typically supplied to
tecture of a typical multiproject PDO (of the type studiegreferred customers and are carefully evaluated to identify any
by Adler et al. [4]) and present a coarse queueing netwonlemaining flaws. Eventually, the product is launched into the
model first and then a re-entrant line model. These modemarket.
are quite conceptual and serve to describe aggregately an¥he product design process can be considered as a subpro-
multiproject PDO with contention for resources. We alsoess of the product development process. The emphasis in the
briefly review fluctuation smoothing policies in the context oproduct design process is on thgstem desigand thedetail
multiclass queueing networks and bring out their relevance foesign phases. In this paper, we are interested in both the
multiproject PDO'’s. Section Il focuses on lead time reductiodevelopment process and the design process and we use the
applied to models of the company ABC. First, we bringommon acronym PDP for both.
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Fig. 1. Process flow diagram for the product development process in Company ABC.

B. Multiproject PDO 7) Test Product Test product prototype for conformance
We now describe briefly the product development organi- 0 Product rec!ulrements. _

zation studied by Adleet al. [4] which serves as a typical ~8) Make Product: Mfg-Make product prototype in plant

example of a multiproject PDO. This particular PDO is in- to uncover any manufacturing issues.

volved in the development of plastics products which are either 9) Test Product: Mfg-Test manufacturing prototype for

new productsor reformulations.Since much of the effort is conformance to product requirements.

spent on new products, we shall only consider these for out0) Sales StrategyFormulate sales strategy.
modeling study here. The main resources in the PDO are thd1) Lead Customeridentify lead customers and determine
product and process engineers and technicians. Other resources their needs.
are application engineers, product management personnel,z) Product Specsldentify product requirements and test-
manufacturing engineers, marketing and sales personnel, etc.  iNg procedures.

The activities in this organization can be broadly categorized13) Field Trials: Test product with lead customers.
into four phases: Phase 1 (concept/feasibility); Phase 2 (project4) Agency Specdetermine whether product is subject to
plan/team formation); Phase 3 (product development); and  government regulations.
Phase 4 (manufacturing standardization/product launch). Phaskb) Quality Testing Test product for conformance to all
3 of the process contains the bulk of the work in the PDP and ~ specifications.
as done in [4], is chosen for a detailed study here. Phase 3n the above 15 activities, many are concurrent. For
involves 15 main activities. These activities are as follows. example, prototyping, manufacturing process development,

1)
2)
3)

4)
5)

6)

Review patent. marketing, and sales strategy can all progress at the same
Manufacturing Process DevelopmentDetermine time. Also, for each activity, several different types of
process methods and equipment for all stages &fsources may be required simultaneously. For example,

production. for the manufacturing process development activity, the
Market Position Determine competitiveness of producfollowing resources are required: product engineers, product
and establish market position. technicians, process engineers, and process technicians. The

Make SlabsCreate samples in the form of slabs. precedence constraints and sequencing among these 15 tasks
Test Slabs Test slab prototype for conformance tcare shown in Fig. 1. In the above figure, CF indicates
material requirements. Phase 1 (concept/feasibility); PP indicates Phase 2 (project
Make Product Make sample products from prototypeplan), and ML indicates Phase 4 (manufacturing and product
materials. launch).



886 IEEE TRANSACTIONS ON ROBOTICS AND AUTOMATION, VOL. 15, NO. 5, OCTOBER 1999

0.1

0.1

MPD 1 MPT | ¢ PPTL | ) PPTM MPD 2 Sales Specs FT ML

/15

1/15

1/15

/30

730

7/30

Fig. 2. lteration structure for the product development process in Company ABC.

In the PDO under study, at any given time, many differemombined into a single stage. Each node thus represents an
development projects are in progress, each possibly inaggregated, parallel set of activities and the single server in
different phase. This causes contention for engineering/humgach node is a functional or cross-functional team executing
resources and results in delays at various points. We wotulds set of activities. Table | describes the function of these
like to model the resulting congestion. Often times, differemtight nodes.
phases of the same project could be contending for a giverMultiple, concurrent development projects that are in
resource. For example, product engineers are required fwogress in different stages represent the customers or jobs in
slab prototyping, product prototyping, manufacturing procesise network. Note that new projects enter into the network at
development, and quality testing activities of the same projetite CF node and successfully completed projects (successfully

An important aspect of a typical PDO is the need fodeveloped new product designs) leave the network from node
feedback and reworking at most stages of the process. Thigjis. Each project undergoes a sequence of activities in the
necessitated because design/manufacturability and such othanner shown in the network. A project can visit a node
problems may get revealed at various stages and this callsdeveral times due to reworks. The probability of returning
repeating a subset of PDP activities all over again. One cana previous stage after completing service at a particular
characterize this iteration structure using feedback probakitage is also shown for all appropriate feedback possibilities.
ities. Fig. 2 shows the iteration structure of typical projectsor example, after the MPD2 stage, a project will come back
This diagram is derived from the data available in [4]. Ifio the PT stage for some rework or additional work and
this diagram, Phase 3 of the PDP is aggregated into 8 actiMe probability of this feedback is 0.2. This means that with
ities: MPD1 (manufacturing process development—1); MPgrobability 0.8, the project will go to the next stage (SST). It
(material prototype and testing); PPTL (product prototypie assumed that the processing time distribution at a node for
and testing in laboratory); PPTM (product prototype testing project visiting the node for the first time is identical to that
and manufacturing); MPD2 (manufacturing process develogorresponding to each subsequent visit. This assumption can
ment—2); sales; specs; and FT (field trials). be relaxed in the case of the re-entrant line model discussed

in the next subsection. The routing is Markovian, that is
. ) independent of the previous history of the jobs.
C. A Single Class Queueing Network Model of Company ABCa server here corresponds to a functional or cross-functional

Fig. 3 shows a coarse, single class QN model of the PO€am of human resources who undertake the set of activities
in consideration. It is an 8-node open Jackson network witdorresponding to that node. For example, the MPD1 node (see
each node containing one server. It is an aggregated modeTable 1) corresponds to three activities namely: first phase
many ways. The model structure is derived from the iteratiaf manufacturing process development, review patent, and
structure of Fig. 2, after aggregating MPT, PPTL, and PPTRstablish market position for the proposed project. The first
into a single stage called PT and aggregating Sales and Spafcshese is done by a set of product engineers, product
into a single stage called SST. The three stages MPT, PPTéchnicians, process engineers, process technicians, and man-
and PPTM of Fig. 2 involve essentially prototyping and testingfacturing engineers. The review patent activity is done by a
of the material and the product, and involve roughly theet of product engineers, product technicians, and application
same set of resources. Similarly, sales and specs can alse@hgineers. The market position activity is handled by product
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Fig. 3. Single class QN model of a multiproject PDO.

TABLE |

service times at various nodes are distributed according to a
DescripTION oF THENODES oF THEQN MODEL

probability distribution whose mean and variance are known.
These values can be obtained using measured data from a

gg g;’;;‘?;tp‘lzi f;rl}’:;g S PDO. For example, the authors in [4] have obtained such data
MPD1 First Phase of Manufacturing Process Development, by |nterV|EW|ng the company personnel'
Review Patent, and Marketing work The QN model is thus described by the following parame-
Pl Prototyping and Testing of material and product ters: number of nodes, mean and variance of interarrival time
MPD2 Detailed Phase of Manufacturing Process Development . . Lo .
SST Formulate sales strategy, finalize the product specs, between SL!CCGSSlVG neW pr(.)jeCt Initiations, mean and Varla:ﬂce
and carry out quality testing of the service time distribution at each node, routing matrix,
FT  Field trial with lead customers and the scheduling policy to be followed at each node. We

ML Manufacturing scale-up and product launch

assume that nonpre-emptive FCFS policy is followed at each
node. We also assume that the buffers at all nodes have infinite
capacity.

management personnel and support staff. It is possible that
a given engineer/technician is involved in two or more dP. Re-Entrant Line Model of Company ABC
the parallel activities corresponding to the given node. TheThe single class queueing network model just discussed, as
server is thus a conglomerate of all these human resoure@®ady stated, aggregates much detail, however, as we will
and the service time corresponds to the most time-consumgigw in Section lIl, offers all the insights about lead time
activity among the parallel activities. It is also possible fofeduction as described in [3]. Furthermore, simple models
the same resource, say a design engineer, to be part of twg@th as these can be solved in quick time using fast queueing
more nodes in the queueing network model. In such a cagetwork solvers. To obtain more insights into PDO dynamics,
the percentage of time that the design engineer is knownwe need to capture more details than in the single class model.
spend in the individual nodes can be used to parameterize thethis section, we discuss one such model. This will be a
capacity or the activity times of the individual nodes. This imulticlass QN and in particular can be described as a re-
the reason why the model is coarse and aggregates much degailrant line with probabilistic routing. Re-entrant lines [27]
However, it is possible to parameterize such a stylized modek appropriate for modeling queueing systems with distinct
and obtain useful insights by experimenting with the modelmultiple job visits to service centers.

For our experimentation, we assume that the interarrivall) Re-Entrant Lines:In a re-entrant line, the parts visit the
time between successive new project initiations and also tk@me server several times, at different stages of processing,
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Fig. 4. Re-entrant line with three stations and 11 buffers.

before exiting the system, thus making the flmwentrant A different static priorities. After finishing the service on a part,
re-entrant line can be described as follows. There is se¢lf the service center will pick up a part from the buffer having the

vice centerd1, 2, ---, m}. Service centef € {1, 2, ---, m} highest priority (if one is available, of course). For example,
hasn; logical or physical buffersb;;, b2, - -+, b;n,. Forj € in the case of LBFS, we order the buffers of processing
{1, 2, ---, n;}, the bufferd;; contains parts visiting service centeri asb;,,, b;, (n,—1), - - -, bi2, b;1 in decreasing order of

centeri for the jth stage of processing. A part visits theseriority. The next part selected for processing is the one that
buffers in a given sequence and any service center is typicdiigs finished most of its processing, and hence one with the
visited several times in the route of a part. least amount of processing remaining. Thus we may say that
Fig. 4 shows a typical re-entrant line with three serviceach processing centeryopicallytries to clear parts from the
centers and 11 buffers. Parts enter the system at bbffer system as fast as possible. Other popular policies are due-date
and visit the centers according to a deterministic route hased policies such as EDD (earliest due date first) and LS
shown. Finished parts emerge from center 3 after undergoihgast slack first).
processing following a wait ihs3. Note that every part in this  Fluctuation smoothing policies [29] are a special class of
example line visits center 1 three times, center 2 five timdsast slackscheduling policies [27]. In the least slack policies,

and center 3 three times. for every jobr that enters the network, there is an associated
In the re-entrant line shown in Fig. 4, the route of a jobeal number3(r). Also to each buffet,;, Vi =1, ---, m;
is deterministic. On the other hand, we can have re-entrgnt= 1, - - -, n; there is associated a real numbey, which is

lines with probabilistic or Markovian routing [28], where weusually an estimate of the mean time a job in bufigrwill
specify for each pair of buffers, say Buffer and Buffery, spend in the network before leaving the network. If a job is
the probability P(z, i) which gives the probability that a job located in bufferb;;, the slacks(r), is defined by

goes to buffery next, after finishing its stay and service in

buffer . The model that we develop for a multiproject PDO s(m) == B(m) — vij.

will be of this type.

There are two important decisions that have significaAtleast slack scheduling policy gives highest priority to the job
effect on the performance of a re-entrant line. Theseiapet = for which the slack is minimum. Whenever the server is to
release policiesthat specify when to release fresh jobs intehoose the next part after a service completion, it selects a part
the system; andcheduling policiesthat specify which job to with the least slack. Now a particular choice @fr) and-y;;
process next when a server becomes available. will give the particular least slack policy a unique capability.

2) Scheduling in Re-Entrant Linesthe scheduling prob- See [29] for a good overview of fluctuation smoothing policies.
lem in a re-entrant line becomes interesting because sevéta will look at three such fluctuation smoothing policies.
parts at different stages of processing may be in contentionReducing the Variance of LatenesSuppose each jobr
with one another for service at the same service center. Sevépabject in our case) has an associated due-daig (delivery
researchers have studied the issue of scheduling in re-enttame promised for the project). If we choogér) = d(r), the
lines [27], [29]. Distributed scheduling policies based on buffeesulting scheduling policy is found to reduce the variance of
priorities and due dates have been formulated and investigat&@ness of jobs and is called the fluctuation smoothing policy
by Kumar [27], and Liet al.[29]. Kumar [27] has investigated, for variance of lateness (FSVL).
among others, the following fixed buffer priority policies: Reducing the Variance of Cycle-Timé: we make3(x) as
FBFS (first buffer first serve) and LBFS (last buffer firsthe time at which the resulting scheduling policy is found
serve). In a buffer priority policy, the buffers are assignetb reduce the variance of cycle time of jobs and is called
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Fig. 5. Re-entrant line model of a multiproject PDO.

the fluctuation smoothing policy for variance of cycle time coming there for the first time, which stage are they

(FSVCT). coming from, etc. The processing time distributions for
Reducing the Mean Cycle-Tim&upposer is the nth job jobs in different buffers at the same station could be
entering the network and is the average arrival rate of jobs different.

into the network. If we choos@(w) = n/X, the resulting  2) The routing probabilities now correspond to pairs of

scheduling policy is found to reduce the mean cycle time of  buffers instead of pairs of stations. This makes the

jobs and is called the fluctuation smoothing policy for mean  routing more general and flexible.

cycle time (FSMCT). 3) Sophisticated scheduling policies can be defined to select
3) Re-Entrant Line Model:The re-entrant line model, the buffer and job to process next at a given station. The

shown in Fig. 5, contains eight stations (nodes) and 23 buffers.  policies include: buffer priority policies, such as FBFS or

The multiple buffers at a given station contain projects which ~ LBFS [27], due-date based policies [27], and fluctuation

are revisiting that station for rework from different stages. smoothing policies [29]. This issue will be discussed in

For example, Station 4 (PT) has six buffels;, -- -, bse. detail in Section IV.

Buffer b4 contains projects which are visiting this node for

the first time. Bufferby; contains projects which are visiting

this station for rework after having undergone an operation [ll. ANALYSIS AND LEAD TIME REDUCTION

or rework at this stage and before going to the MPD2 node. IN A PRODUCT DEVELOPMENT ORGANIZATION

The jobs in bufferbys correspond to those projects which oy aim here is to evaluate the performance of the QN
are visiting this station for rework after having undergong,qggel of Fig. 3 and the re-entrant line model of Fig. 5,
an operation or rework at the MPD2 node. Likewise, Wgng explore several opportunities for lead time reduction in
can de.s.c.rlbe the jobs |n'the other buffers also. The rou“@fbmpany ABC, which is a representative product development
probabilities are now defined from one buffer to another. '&ganization. The performance measure of interest will be
this case, we have chosen the routing probability from a bufigie mean of product development lead time (DLT). Other
bi; to buffer by, as the routing probability in the single clasgerformance measures such as variance of DLT, mean number
QN model (Fig. 4), from the nodéeto nodek. of projects in progress, utilization of resources, can also be
The processing time distributions could be different fofomputed. The utilization of resources gives a highly aggregate
customers in different buffers. Also, the scheduling policyicture of the utilization of functional or cross-functional teams
to be used at each station is now more complex and Mg for this reason, is not considered here. In order to estimate
interesting than in the case of the single class QN modgde mean DLT, we need to analyze the model of Fig. 3. Since
Thus, the present model refines the single class QN modekfiz model is a single class open Jackson network with single
the following ways. server stations, Markovian routing, general interarrival times,
1) The jobs (projects) are now distinguished based on thaind general service times, we can use a package such as QNA
history of progress in the network. At each node, wi0]. A software tool has been built at the Indian Institute of
have buffers which will indicate whether the job isScience for this purpose. The inputs to the package are:
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TABLE 1 TABLE IV
MEAN SERvICE TIMES FOR THE QN MODEL LEAD TIMES WITH DIFFERENT SERVICE TIME VARIABILITIES. COV:
COEFFICIENT OF VARIATION; MDLT: M EAN DEVELOPMENT LEAD TIME

Station CF PP MPDI PT MPD2 SST P ML
Mean service COV = 1.0 COV = 0.144 Const. proc. times
time (weeks) 2.0 1.0 2.5 1.0 2.5 1.5 1.5 4.0
IAT in MDLT Av. no. MDLT Av. no. MDLT Av. no.
weeks  weeks  projects weeks  projects weeks  projects
24 58.89 2.48 47.65 1.98 46.16 1.93
TABLE I 22 61.84 2.81 50.62 2.31 49.50 2.25
ROUTING PROBABILITIES FOR THE QN MODEL 20 6593 326 5321 266 4950  2.48
18 71.995 4.08 57.95 3.21 55.91 2.92
. " 16 82.04 5.115 64.72 4.04 57.68 3.61
E 3 PD1 PT MPD2 SST FT ML
Station CF_PP_M 15 90.135 5.84 68.07 4.53 64.69 4.312
14 102.58 7.18 72.18 5.15 66.26 4.732
n 0 0
Sg g (l] (l) 3 8 g 0 0 13 124.76  8.31 84.26 6.48 79.43 6.12
2 Y, 5 57. BE 39. 11.64
MPDI 0 0 0 1 0 0 0 0 12 179.27 15.72 157.44  13.13 139.7
PT o 0 0 05 05 0 0 0
MPD2 0 0 0 0.2 0 0.8 0] 0
SST 0 0 0 04 0 0 0.6 0 . .
BT 0 0 0 02 0 0 0 08 A. Lead Time Reduction Through Process Control
ML 0 0 0 0.4 0 0 \] 0

Table IV shows the mean development lead times and mean
number of ongoing projects in the organization assuming
Poisson arrivals over a range of arrival rates, for three different
. _service time scenarios. In the first, the service times are all

1) number of stations and number of servers at each statigdsymed to have a coefficient of variation of 1.0 (coefficient

2) routing matrix; of variation is the ratio of standard deviation to the mean of the

3) mean and SCV (squared coefficient of variation) ghndom variable; a value of 1.0 corresponds to the exponential

interarrival times into the network; distribution); in the second, the processing times have a

4) mean and SCV of service times at each station. coefficient of variation of 0.144; and finally in the third, they
The performance measures are computed using analytiasd all assumed to be constant (coefficient of variation equal
formulae and for the models of the type in Fig. 3, it taketo zero). The values in Table Il give the mean service times in
less than one tenth of a second even on a primitive PC dth the cases. The results here indicate the increase in the mean
evaluate the model. Thus one can use this model to do raptT as a function of the arrival rates of new projects. What
performance analysis; one can evaluate the performance ogeof interest for us here is the reduction in the development
a wide range of input parameters and get a comprehensigad time when the coefficient of variation of the service times
idea of the system performance. Also, aggregate level decisiegluces from 1.0 to 0.144 to O (deterministic service times).
alternatives can be evaluated and compared, leading to Tans is a direct consequence of the variability law of queueing
optimal system configuration. theory [17], [29] according to which the mean waiting times in

Based on the extensive data available in [4], we have chogefueueing system are positively correlated to the variabilities
the mean service times for the eight servers in our moddfi the interarrival times and service times. What we have done
as shown in Table Il. The units are in weeks. Also, basdé®re is to reduce the variability in the service times, which is
on the available data from [4], we have chosen the routifgconsequence of tighter control over the service process. In
probabilities as in Table Ill. A typical entryP(i, 5) in the the product development setting, this translates to systematic
routing table gives the probability of going next to statipn Planning, efficient project management, and a well-defined and
after finishing service at station The aim is not to exactly Well-understood PDP.
mimic the model there but to create a credible enough model
to experiment with. Assuming a Poisson arrival process with Lead Time Reduction Through Input Control

a mean interarrival time (IAT) of 16 weeks (that is, one new Since waiting times are positively correlated with the vari-
project initiated every four months on an average), the aboygility of the arrival process, deterministic arrivals provide
base model gives a mean development lead time of 82.&4other opportunity for lead time reduction. However, since
weeks if the processing times are assumed to be exponentialyv product project initiations are often motivated by market
distributed with means as in Table Il. On the other hand, dpportunities, the arrival process here is subject to the market
the processing times are assumed to be deterministic with th&tuations. So, it is not feasible to have purely deterministic
above values, the mean lead time drops to 57.68 weeks. new project initiations. One way of reducing the arrival fluctu-
We now investigate different lead time reduction strategiesions is to operate the organization in a closed network mode,
using the model of Fig. 3. These strategies are process conti@l;, initiate a new project only when an existing one finishes.
input control [3], [14], [16], [19]; load balancing [3], [14], [16], This ensures a constant population of projects inside the PDO
[19]; and cross-functional work [3]. We then use the morend has a decrementing effect on the variance of arrivals.
realistic model of Fig. 5 and explore the use of innovativEhis constant population model is identical to the CONWIP
scheduling to achieve lead time reduction. (constant work-in-process) strategy that is popular in manufac-
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TABLE V TABLE VI
LEAaD TIME REDUCTION THROUGH INPUT CONTROL. LeEAaD TiIME REDUCTION THROUGH LOAD BALANCING.
MLT: MEAN LEAD TIME; TR: THROUGHPUT RATE MDLT: MEAN DEVELOPMENT LEAD TIME
Population of MLT in  Associated TR MLT for Without Load Balancing With Load Balancing
closed model  weeks Mean IAT  (per year) open model
IAT Utili. of  Utili. MDLT Utili. of Utili. MDLT
1 40.031 40.031 1.299 49.15 weeks  MPD?2 of SST weeks MPD2 of SST  weeks
2 47.168  23.584 2.201 59.14
3 54.712  18.237 2.851 71.324 16 0.6667  0.319  64.72 0.607 0.540 6131
4 62.633  15.6582 3.32 84.54 15 0.705 0.337  68.07 0.657 0.588  64.95
5 70.897  14.1791 3.667 99.85 14 0.750 0.360  72.18 0.683 0.604  65.61
6 79.472  13.245 3.926 117.92 13 0.811 0.380  84.26 0.730 0.648  75.15
7 88.326 12.618 4.121 139.01 12 0.917 0.441 157.2 0.778 0.696 78.02
8 97.431  12.1788 4.271 164.27
9 106.76 11.862 4.384 195.01
10 116.29  11.629 4.472 232.61
11 125.995 11.454 4.54 278.12 and ease the congestion by providing additional capacity to
}2‘ ﬁgig ﬂ;ﬂ) 1232 Z;;é; the bottleneck. In the PDO setting, this might mean tak-
14 15597 1L141 1,667 493.46 ing away some capacity from lightly loaded stations if the
15 166.19  11.08 4.693 601.32 technical/human resources involved are interchangeable. This

happens, for example with stations 5 and 6, in our model (see
Table 1). Station 5 (manufacturing process development—2)

turing control [14], [17]. Another way is to admit a new projecinvolves the work of product engineers, process engineers,
only when the number of projects is below a threshold or tlgroduct technicians, process technicians, manufacturing engi-
total workload in the system is below a particular thresholdneers, etc. Station 6 (sales, specs, and testing) involves the

Table V shows the effect of operating the PDO in a fixegarticipation of product engineers, process engineers, product
population mode. The routing probabilities are as in Table lthanagement people, and technical services personnel. Since
and the mean service times are as in Table Il. The serviseme of these resources are interchangeable between MPD2
times are assumed to be exponentially distributed. The fiestd SST functions, the load across the two can be balanced.
column gives the current population of the network in th@able VI presents the results of an experiment to explore the
closed network mode; the second column gives the mean Déffect of such bottleneck analysis and load balancing through
for the corresponding population; the third column gives thesource sharing and reallocation. For five different arrival
mean interarrival times that are consequent on having trees, the open queueing model with uniformly distributed
corresponding population in the closed network; the fouriervice times (with a coefficient of variation of 0.144 each)
column provides the corresponding throughput rate of sus-evaluated without and with this load balancing applied to
cessful projects completed per year; the final column gives thations 5 and 6. For example, with mean interarrival time
mean DLT if the PDO is operated as an open network wilhAT) equal to 12 weeks, the utilization of station 5 is 0.917
these throughput rates (note that in a stable open netwantile that of station 6 is 0.441. This results in a mean DLT
the arrival rate is the same as the throughput rate of tb€157.14 weeks. By allocating some capacity of station 6 to
network). On close observation, the virtues of operating Btation 5, the mean service time of station 5 is reduced whereas
the fixed-population mode become clear. For example, withat of station 6 gets increased. We have for instance assumed
a population of five, the mean DLT is 70.897 weeks; then increase in capacity of station 6 by 10% when the capacity
throughput rate is 3.667 completed projects per year; to obtafistation 6 is decreased by 20%. For such a reallocation, the
this throughput rate using an open mode of operation wiltilizations are found to be 0.778 and 0.696, respectively, and
entail a mean DLT of 99.85 which is more than 30% highethe mean DLT dramatically decreases to 78.02 weeks.
Thus lower lead times are achieved for a specified throughput
rate and_ _conversely_ higher throughput rates can be_ obtai .dLead Time Reduction Through Cross-Functional Work
for specified cycle time. However, a closed mode will ental
rejection of some projects and also continuous availability of Next we present how by reducing feedbacks and rework
fresh projects for initiation. This calls for close coordinatiohrough increased cross-functional participation, the lead times
between the PDO and the customers (could be internal fré@n be brought down considerably. Table VII shows some
within the same business unit or external) who generate ff@sults. Itis quite a standard argument in concurrent engineer-
fresh product development projects. With proper coordinatioid literature [31] that by making product development work
sharing of information, and upfront planning between the PDMore cross-functional, the rework loops are reduced. At the
and potential customers, input control of the fixed populatigiRme time, each individual activity will need more resources,
type can be implemented, fairly accurately, if not exactly. more discussion, more interaction, and consequently more
time. In our experiment, we have increased the processing
times of stages 4-8 by 20% to account for the additional
time entailed by increased cross-functional work and assumed

Another oft-used technique for reducing the congestidhat the associated feedback probabilities are reduced by 10%.
inside a queueing system is to identify the bottleneck resourcBss is only an empirical experiment that shows the effect

C. Lead Time Reduction Through Load Balancing
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TABLE VII
LeaD TiME REDUCTION THROUGH CROSSFUNCTIONAL WORK

TABLE VIII
PERFORMANCE OFCoMPANY ABC UNDER FLUCTUATION SMOOTHING POLICIES

Less cross-functional work More cross-functional work IAT = IAT = IAT =
16 weeks 15 weeks 14 weeks
AT Utili. of Utili.  MDLT Utili. of  Utili.  MDLT
weeks MPD2  of SST  weeks MPD2  of SST weeks FCFS Policy
16 0.6667 0.319 64.72 0.661 0.325 60.99 Mean DLT (Weeks) 126.62 141.24 148.22
15 0.705 0.337 68.07 0.691 0.342 64.53 Variance of DLT 130.04 185.21 194.12
14 0.750 0.360 72.18 0.799 0.391 76.58 Average Lateness -64.81 -72.15 -79.26
13 0.811 (.389 84.26 (1.829 0.406 87.94 Variance of Lateness 135.12 173.12 189.63
12 0.917 0.441 157.1 0.912 0.447 141.1
FBFS Policy
. _ Mean DLT (Weeks) 14104 15512 179.23
of cross-functional work. The experiment can be repeated Variance of DLT 14902 15512 198.12
easily if actual data is available. Table VII shows the mean éve_mge L?ﬁ“‘:ﬁﬁ 18619‘216 1995123 ;21&0;556
DLT before and after this adjustment in the model, again AR T A 2 ' =
assuming that the processing times before adjusting the model LBFS Policy
are uniformly distributed with a coefficient of variation of Mean DI (Weeks)
. . . . can eeks 109.6 152.5 168.314
0.144 each. The gains in lead time performance are quite Variance of DLT 1324 186.7 198 12
clear, except possibly in one case. We can also use the model Average Lateness 6612 74.41  -83.62
to predict the minimum reduction in feedback probabilities Variance of Lateness 132.6 175.34 19145
_requwed to Just|fy a _concurrer_n engineering _eﬁort (modeled FSMCT Policy
in terms of specifies increase in processing times) to improve
lead time performance. If we are able to estimate credibly Mean DLT (Wecks)  99.50 11078 124.58
the change in the input parameters, we can predict lead time Variance of DLT 172 12945 139.34
. . Average Lateness -49.12 -57.61 -68.12
Improvements In an accurate way. Variance of Lateness  110.23 12343 143.22
FSVCT Policy
E. Lead Time Reduction Through Effective Scheduling Miean DT (Wecks) 12557 14055 144.85
The coarse-grain, single class models discussed so far are Xarime of DLT 92.29 108.18  106.08
. . . verage Lateness -42.14 -48.66 -64.12
Innovative in two ways. Variance of Lateness 101.45 123.56 140.43
1) They are much simpler than the simulation model pre-
sented by Adleret al. but offer virtually the same FSVL Policy
|ns.|ghts. . _ Mean DLT (Weeks)  125.58 140612 144.63
2) This model can be solved using fast queueing network Variance of DLT 11723 13893  144.91
solvers like QNA and so will enable rapid performance Average Lateness 7842 -89.33  -95.66
Variance of Lateness 83.12 90.15 99.89

analysis.

However, the models aggregate much detail and in order

to obtain deeper insights, we need to develop more detailed . i . .
model. transients. A confidence level of 0.95 is considered for these

Now we consider the re-entrant line model of companr;‘?suns' _In the simulation, a_rriving projects (arriving jobs)
ABC, shown in Fig. 5, and demonstrate that better perfoff® @ssigned due dates which are randomly drawn from a
mance can be achieved by intelligently scheduling interngféfully chosen window. Lateness of a completed project is
work in the product development network. We look at fouthe cqmplenon time subtracted from the due date and is usuqlly
indices of performance: mean lead time, variance of lead tinft¢gative. The lateness values obtained have only a relative
average lateness, and variance of lateness. We considerSigRificance and do not have any absolute significance (due to
different scheduling strategies: FCFS, FBFS, LBFS, FSMcthie random due dates).

FSVCT, and FSVL. Applying fluctuation smoothing to improve lead time perfor-

Table VIII shows the results for a typical scenario. Wéhance is a very attractive alternative to some of the techniques
have assumed Poisson arrivals and exponential proces$iglored earlier in this paper. Here, we do not need to add
times. The processing times of a job on its first visit to @ny additional capacity to the system resources, or incur any
station are assumed to be the same as in the single class @Rrheads such as rejecting some projects. We only choose
model discussed earlier. On subsequent visits to a station, the way in which to prioritize work corresponding to internal
processing time means are assumed to half of their origid@iws or internal processes. In the model, at any given station,
values. The results in Table VIII are obtained by a detailedle distinguish between work by the history of sojourn in the
simulation under each policy, where each simulation is run tetwork and due dates that different jobs are carrying and
complete about 10 000 projects and the performance measw@&sedule in one of three ways depending on what is required
are computed after deleting an appropriate humber of initi@ be minimized.
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The results show the positive influence of the fluctuaticawre about half of the original processing times. The reworked
smoothing policies. In the context of a PDO, the schedulirdgsigns are immediately checked by concerned customers and
strategies have implications on how the internal subprocesgteis possible a few of these (5% on an average) come back
of various current projects are scheduled. The attractive aspiecta second rework (which takes much less time). It is found
of employing these policies arises by virtue of not havinthat no layout comes back for a rework for a third time.
to commit any additional resources or personnel for vari- 3) Component Placement (CP)Yhis phase involves gen-
ous project tasks. We are only prioritizing individual worleration of placement of components and generation of check

elements in an appropriate way. plot and drill data report. This is again entrusted to a design
engineer. On an average, this activity takes about 10 h (1.25
IV. CASE STUDY OF A PCB DESIGN ORGANIZATION person-days) and the document that is generated is reviewed

] ] o _by the concerned customer. It is approved first time in about
Here, we consider a PCB (printed circuit boards) desigfto, of the cases. In the rest of the cases, reworking is done

company located in Bangalore, India, which we call Companye ayerage rework time being 3 h. 94% of reworked jobs are
XYZ, and model its lead time performance through a reyynroved by the customers and about 6% of jobs go for a
entrant line model. Using this case study, we demonstrate Qig.onqg rework, which takes hardly an hour. All jobs that are
applicability of _S|mple lead time reducupn s_trateg|es based QRlice reworked are found to be approved by the concerned
the re-entrant line model. The emphasis will be on the use Qisiomers.
clever scheduling of internal work in the design organization. 4) Component Routing (RT)This phase involves genera-
tion of routing to provide the required interconnections among
A. Description of the Design Organization the components. A designated design engineer will handle this
The Company XYZ is a medium scale PCB design coniask. On an average, this activity takes about 12 h (1.5 person-
pany, involved in the design of single sided, double sided, af@ys) and the document that is generated is reviewed by the
multilayer boards. The design of a PCB varies in complexi§oncerned customer. It is approved first time in about 90%
depending on the complexity of the circuit (simple, less dengd, the cases. In the rest of the cases, reworking is done the
medium dense, and highly dense); types of components ug¥grage rework time being 4 h. All the reworked jobs are
(through hole or surface mount); and the technology used figtnd to be approved by the customers.
fabrication (analog or digital). It is found that almost 90% of 5) Generation of CAM Data (CAM)Here, using the
the time, the PCB’s designed have medium complexity afdacement and routing information, and drill data, the CAM
the study here focuses on the performance with respect to tf@tated data is generated for facilitating optimal fabrication
class of PCB's. Thus a job in the organization will refer to §equence. A design engineer will take about 4 h for this

design project for such a PCB. activity and it is found that 95% of jobs are approved by the
The design process for a typ|ca| design project in Compaﬁystomers first time. The reworking usually takes about 2 h
XYZ consists of the following phases. and all reworked jobs are found to be approved. The design

1) Order Processing (OP)When a customer arrives withiS now ready for fabrication.
a requirement for designing a specific PCB, the order pro-
cessing department will prepare the quotation and initiate the .
acceptance of the order. It is found that on an average, an orgerR€-Entrant Line Model for Company XYZ
is received every two days but there is substantial variability Since rework or design iteration is a prominent feature of
in the interorder arrival times. Order processing typically takesch design project in the above organization, a re-entrant
half a person-day (about 4 h time). Order processing typicalipe model is a natural choice for capturing the dynamics
involves collecting some additional information concerning thef project flow. Fig. 6 depicts a re-entrant line model for
PCB type to be designed. the above design organization. The model has 6 stations

2) Net List Generation (NLG):This involves generating a and 14 buffers. The reentrancy models in a faithful way the
detailed layout and schematic drawing for the PCB. This isworking that happens at various stages and also allows
done either automatically (NLG-A) through CAD tools (ifdistinct processing times for different rework stages. Each
the design is complex) or manually (NLG-M) by writingstation corresponds to human and technical resources assigned
the netlist (for simple designs). Usually one design enginemiat task. For example, station NLG-A corresponds to the
is assigned this task. It is found that 95% of the jobs aestivity of automatic generation of netlist. The server here is
done through automatic means and only about 5% of thedesign engineer entrusted this task. It is to be noted that this
jobs go through manual netlist generation. It takes abouts8rver will need some passive resources such as a computer
h (1 person-day) to generate the netlist automatically (i.evprkstation, generation tools, etc. It is assumed that such
for complex designs) and about 12 h (1.5 person-days) technical resources are always available whenever needed.
generate it manually (i.e., for simple designs). There is someThe parameters of this model are: distribution of interarrival
variability in the processing times here. The output of this statjenes of successive design projects; distribution of processing
is immediately conveyed to the customers for their feedbatines at each one of the 14 buffers; and routing probabilities.
and it is found that about 30% of the automatically donkig. 6 shows all the routing probabilities and also the mean
layouts are returned for reworking and about 40% of manualgalues of all the processing time distributions. The mean values
done layouts are returned for reworking. The rework timege in person-days.
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Fig. 6. Re-entrant line model of a multiproject design organization.
TABLE IX TABLE X
PERFORMANCE OF ANOPEN RE-ENTRANT LINE MODEL OF CoMPANY XYZ PERFORMANCE OF A CLOSED RE-ENTRANT LINE MODEL
UNDER DIFFERENT SCHEDULING PoLICIES. MLT: MEAN LEAD TIME OF CoMPANY XYZ UNDER DIFFERENT SCHEDULING
PoLicies (PopuLATION = 5). MLT: MEaAN LEAD TiME
Scheduling MLT Lead Time Latcness Lateness
Policy (person-days) (variance)  (average) (variance) Scheduling  MLT Lead time Lateness Lateness
Policy (person-days) (variance) (average) (variance)
FCFS 15.21 0.28 -16.29 2813
FBFS 17.78 17.68 -20.85 38.177 IFCFS 10.51 4.389 -10.305 18.705
LBFS 14.303 9.236 -16.474 28.07 FBFS 10.67 5.404 -10.28 18.984
FSMCT 11.989 9.17 -14.71 26.95 LBFS 10.02 3.481 -10.875 17.983
FSVCT 15.09 7.14 -12.78 20.188 FSMCT 8.06 4.176 -6.176 14.181
FSVL 15.56 10.332 -23.16 14.57 FSVCT 10.08 2.78 -10.69 13.61
FSVL 10.334 4.174 -10.85 8.05

We have to also specify the scheduling policy followed
at each station. We consider the following six policies 4ot rue and one needs to add an expected customer feedback

in Section IlI-E: FCES. FBES. LBFS. FSMCT. FSVCT. andime in order to arrive at the correct picture. It often happens

FSVL. that the customer reviews a design document overnight and
the feedback is ready by the beginning of next day. In this
C. Analysis and Lead Time Reduction latter case, the feedback time is to be counted as zero since

the cycle times are expressed in terms of person-days. The
Table IX shows the performance measures: mean cyc?e y P P Y

mean cycle time values that were obtained here for the FCFS

time, variance of cycle times, average lateness, and varianc o 0
of lateness for the base model of the design organization X fﬁcy were foun.d o _be within 10% of those usually observed
pra typical project in the Company XYZ.

shown in Fig. 6, under six scheduling policies of interest. : ) )
is assumed that the interarrival times and the processing timed '® Main observation that one can make from Table IX is
are independent exponential random variables. The simulatigAt Scheduling plays an important role in lead time reduction.
is carried out for about 100000 events and 95% confidentéver scheduling of internal work can accelerate the flow
intervals are considered after initial transient deletion. Eath design projects without committing additional human or
design project that enters the network is assigned a randtahnical resources.

due date that is uniformly distributed around its predicted exit Table X shows how by exercising simple input control, one
time from the network. Note that FSMCT and LBFS perforrgan accelerate the projects in Company XYZ further. The re-
better than the other policies in reducing mean cycle timegylts correspond to a closed mode of operation, wherein a new
The mean cycle times obtained here assume that custoiiesign project is taken up only when an earlier design project
feedback at intermediate stages of design (NLG-A, NLG-Mias just been completed. The processing times are identical
CP, RT, and CAM) is instantaneous. In actual practice, thistis the ones in the base model (exponentially distributed). A
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TABLE Xl

PEREORMANGE OF CoMPaNy XYZ UNDER THE ESMCT RoLicy Needless to say, the models presented are still not represen-

tative of all the details and distinctive aspects of a PDO. Only
a comprehensive simulation model provides a partial answer
to the problem of creating a faithful replica of a given PDO.
What we have attempted here is to come up with a good
analytical model that captures certain important performance
determinants of a PDO and use the model toward a deeper

Expo. Uniform Constant

proc. titmes proc. times proc. times

OPEN MODEL

Mean DLT (days) 11.989 8.567 6.682 . . . .
Vagiance of DLT 917 6.53 3.97 understanding of project management issues through rapid
Throughput Rate 3.5 3.5 3.5 performance analysis. The models capture the effect of various

lead time reduction strategies at the level of abstraction of a
CLOSED MODEL product development manager or a product design manager.
Mean DLT (days) 8.02 743 6.58 Such models can be used by managers in aggregate project
Variance of DLT 4.176 3.754 248 planning and project management. In order to use such models
Throughput Rate 3.37 3.84 4.25

in the detailed planning of projects in a multiproject PDO, one
has to enrich the models and also the analysis techniques. In
this sense, the paper certainly throws open several interesting
population of five design projects is considered here sinceidbues for further investigation.

corresponds approximately to the throughput rate of the baserhe models described can become the foundation of a
model (which is an open model). Also, it was found that therpftware tool that can be used by managers in multiproject

were usually about five concurrent design projects in progréspO’s. Such a product is currently under development at the
in the Company XYZ. The closed mode of input control leadgdian Institute of Science.

to all-round improvement in the performance of the system.

In particular, the FSMCT policy leads to a cycle time that is ACKNOWLEDGMENT

very low compared to that in the other policies and the FSVCT The authors would like to thank S. Aithal and E. Manjunath,

policy leads to very low variance of cycle time. Central Manufacturing Technology Institute, Bangalore, India,
The performance of the company XYZ can be improvegh; providing the data for Company XYZ, P. Nagaraju, for

further, as shown in Table XI, by tighter control on the profe simulation results which were obtained by a software

cessing times. Since the FSMCT policy is the policy of choiggackage he developed, and K. Ravikumar and M. Azaraiah
for lead time reduction, we investigate the performance of thgy preparing the figures.

network under the FSMCT policy, assuming exponential pro-
cessing times, uniform processing times (with 20% variability
around the mean), and deterministic processing times (zero
variability). As expected, a closed mode of operation withf]
five concurrent projects scheduled according to the FSMCp
policy with 100% control over processing times leads to the
best lead time performance. In fact, the mean lead time
6.58 days achieved in this setting is less than half of what one
can achieve with the common FCFS policy with open input
control (See Table IX also). 4]
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