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bstract. Digital transformation of commercial print production
rings new opportunities including exploitation of embedded sens-

ng and computing power that enable real-time communication dur-
ng various phases of the production chain and dynamic
econfiguration of production flow. Simulation based modeling can
elp to exploit these opportunities at both strategic and operational

evels. In this article we report our ongoing work on simulating an
nd-to-end print production process. We draw a close parallel be-

ween print production design and electronic design automation, and
odel print production system as a network of interconnected, dis-

inct processes. We describe our simulation framework, simulation
alidation against queuing network theory, preliminary simulation re-
ults, and path to policy design and analysis. © 2010 Society for
maging Science and Technology.
DOI: 10.2352/J.ImagingSci.Technol.2010.54.6.060401�

NTRODUCTION
ommercial print has annual retail sales over $700 billion.
he print production process has not yet been treated as a

tandard manufacturing activity due to its own unique char-
cteristics: from the product’s perspective, it simultaneously
emands both product diversity and mass production; from

nvestment’s perspective, it is both capital-intensive and
abor-intensive. The highly variable and dynamic job mix
ith highly personalized customer requirements results in
any different combinations of equipments, resources, print

hop configurations and business philosophy.1 Many print
hops rely on the mental models of one or a few skilled

asters to tackle the complexities of the print production
ystems. Such artisan (or craftsman) decision-making prac-
ice has been identified as one of the key reasons that the
roductivity growth of the print industry as whole is falling

ar behind other manufacturing industries.2

Commercial print is dominated by analog offset print-
ng. The emergence of digital print production provides
oth challenge and opportunity to print production indus-
ry. Today, digital print is in its early stage, has only 3% of
he market in volume, 10% in revenue, but with an impres-
ive 10% annual growth rate. The near-zero setup cost of the
igital print pushes the product diversity to a new extreme:
very page can be different. This has enabled a new business
aradigm: print-on-demand or publishing-on-demand. The
roduction agility enabled by digital print makes possible

IS&T member

eceived Nov. 27, 2009; accepted for publication Aug. 10, 2010; pub-
ished online Nov. 5, 2010.
p062-3701/2010/54�6�/060401/9/$20.00.

. Imaging Sci. Technol. 060401-
he integration of pervasive sensing and monitoring, real-
ime computing power, embedded actuation and
econfigurable workflow architecture, thus the transforma-
ion of the print production into an autonomous system
ormed by networked computing and physical components
nd moving the “lights-out” print factory closer toward
eality.3 The secular trend4 is with the digital print: the job
un-length is getting shorter; the significant setup cost of the
late creation is making analog press less economical for
rowing number of jobs. Additionally, the digital print
niquely enables a new array of print services, such as trans-
ctional print and targeted advertising (transpromotional
rint).

To attack the low productivity problem associated with
urrent print industry, and to best uncover the full potential
f the digital print promise, we propose a holistic, model-
ased approach that analyzes the design and management of
rint production as an integrated system, accounting for the
erformance, efficiency, stability, and sustainability as or-
anic system attributes. This article summarizes our ongoing
ffort toward this research direction. We map the analysis of
rint production system as an electronic design problem. We
dapt an open-source electronic design automation (EDA)
oolkit as our modeling platform. We model print produc-
ion as a heterogeneous, concurrent, integrated system.

In next section, we describe the modeling problem. Fol-
owing that, we outline our approach. Next we demonstrate
ystem simulation results, and address validation issues.
aving discussed the simulation-based evaluative models,
e subsequently discuss the generative models and the ap-
lications to runtime policy design. We conclude the article
y enumerating future work. We also note that the effective-
ess of model-based analysis relies on winning acceptance
nd adoption from decision-makers. This is an equally or
ven more critical challenge that modelers and analysts must
trive to meet.

ROBLEM STATEMENT
ommercial print service providers (PSP) process jobs

print requests) with given resources; the service level objec-
ives (SLO) are usually dominated by the on-time delivery
onstraint or the due date. Resources include machines (e.g.,
aster Imaging Process servers, print presses, and finishers)
nd labors; collectively they are referred to as servers. Mul-
iple servers may perform the same task (e.g., black-and-
hite print) with different capabilities (e.g., number of pages

er minute), availabilities (e.g., the length of waiting queue),

Nov.-Dec. 20101
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nd status (e.g., type of substrate already loaded). Each job
ay need to visit different servers sequentially or in parallel

or completion. Given the existing resources and client base
thus the job mix), the business objective of the PSP is to
rive up the throughput to dilute the fixed-cost and maxi-
ize the profit while guarantees the quality of service.1

Figure 1 describes a typical print workflow:

(a) Job acquisition. Jobs (customers’ requests for prints)
are submitted through the storefront. This includes
customers’ physical visits, and, increasingly, jobs
submitted electronically through the internet
(web-to-print, for instance, www.blurb.com,
www.snapfish.com). Once accepted, a unique job
ticket is assigned. A job ticket usually contains a job
number, number of copies, due dates, prices and
payments, client information, inks and presses, fin-
ishing, and shipping methods.

(b) Prepress. The submitted electronic files (e.g., PDFs)
are examined for the correctness (preflight), edited
for color quality and accuracy, imposed, and flat-
tened and half-tuned (raster imaging process) to
create the bitmaps. In case of the offset process,
plates are created (computer-to-plate).

(c) Press. Printer-ready electronic files are sent to the
printers to produce physical copies. Different print-
ers are used to produce book blocks and the book
covers.

(d) Postpress. In terms of book printing by web press,
the printed web is first singulated into printed
pages. Printed pages are then folded, collated, and
bound into book blocks. The book blocks are joined
by book covers, and then dust jackets.

(e) Distribution. The finished books are sorted, labeled,
and shipped. The purchase order (PO) is concluded.

Jobs arrive at indeterminate pace; the possible involve-

Figure 1. Depiction of end-to-end p
ent of customers in proofing cycles can lead to long bid w

. Imaging Sci. Technol. 060401-
imes. Other uncertainties associated with the jobs include
ob size, job type (content), thus workflow and equipments
nvolved, and urgency (due dates). Variation associated with
esources includes equipment capability, performance, stabil-
ty, and costs of capital depreciation, material, energy, rent,
nsurance, labor, etc. The variability in run-time policy in-
ludes job prioritization, and timing, form and route associ-
ted with job release, possible monitoring and feedback, and
crap rate and quality assurance.

UR APPROACH
e would like to draw a close parallel between the analysis

f print production and electronic chip design (EDA) prob-
ems, in particular, that of laboratories-on-a-chip (LoC).
oC is a new system-on-chip architecture fabricated by mi-
ro electromechanical systems (MEMS) technology, with
rimary focus on high-throughput, massively parallel life
cience applications. A large number of independent assay
perations can be carried out concurrently within this
ngernail-sized chip; each involves a diverse set of sample
perations including multistep sample preparations, assay,
nd detections. Similar to print production, a general-
urpose LoC such as digital microfluidics also anticipates
ontent diversity of assay requests (jobs). The LoC synthesis
echniques aim to optimize the management of resources
nd runtime policies for incoming jobs. This includes sched-
ling assay operations, binding assay operations to available
esources and temporal intervals accounting for resource
haring and resource constraints, and module placement and
oute (layout).5 In print production systems, we face the
ame classes of design issues, about which, through both
ormal methods and heuristics, EDA provides a solid frame-
ork built on past 30 years of aggressive research and
evelopment.

We chose an open-source EDA toolkit, PTOLEMY,6 as
ur modeling framework for print production systems.
TOLEMY is a Java-based, actor-oriented modeling frame-

ogic of commercial print operation.
ork for concurrent, real-time, embedded systems. Com-

Nov.-Dec. 20102
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ared to object-oriented design practice, actor-oriented de-
ign emphasizes the concurrency and communication
mong components. PTOLEMY implements a set of well-
efined models of computation (for instance, continuous
ime, discrete event, finite state machine) that govern the
omponent interactions. It provides a hierarchical compo-
ent assembly design environment that enables the use of
eterogeneous mixtures of models of computation (e.g., hy-
rid and mixed-signal models). The print production system
nd control involves compute, logical and physical compo-
ents, for which PTOLEMY’s ability of blending different
omputational models provides the necessary simulation in-
rastructure support. In addition, we are already taking ad-
antage of PTOLEMY’s extensive customizability that only
n open-source toolkit can offer.

We envision that the advanced state of our simulation
nfrastructure (Figure 2) will integrate both the system com-
onents themselves and models of other components that
re otherwise too difficult or too expensive to be included.
his simulation paradigm incorporates both hardware-in-

he-loop (HIL) and software-in-the-loop (SIL). The accu-
acy of the system simulation relies on the precision of the
omponent models it uses. Therefore, whenever possible, the
omponents themselves are preferred over their models in
imulation. In addition, integrating the real components in
he simulation enables direct testing of the decision param-
ters. This approach benefits us with the agility and cost-
ffectiveness that simulations bring and the higher level of
delity that experiments provide.

Alternative to PTOLEMY, standard discrete-event simu-
ation packages (for instance, WITNESS software provided
y Lanner Group, http://www.lanner.com/en/witness.cfm)
an also perform workflow simulations. However, they do
ot usually provide sufficient programming accessibility and
exibility essential to the HIL and SIL paradigm. For this, an
pen source software platform provides unique benefit.
TOLEMY’s strength in embedded systems design, i.e., de-

Figure 2. Sketch illustrates our modeling infrastruc
simulation and synthesis layers. The simulation integ
devices themselves �represented by frameless comp
igning and producing embedded software together with the d

. Imaging Sci. Technol. 060401-
ystems within which it is embedded, is an excellent fit. We
ave successfully constructed a PTOLEMY model that inte-
rates real-time raster imaging process as a component ex-
cuted across intranet.

Simulation provides performance evaluation of a system
esign specified by a given set of design parameters. It is
ffective in discriminating among different design alterna-
ives. However, simulation alone does not explicitly generate
esign or decision parameters. For this, we develop an addi-
ional layer of models, hereafter referred to as the generative

odels. In contrast, simulations are also referred to as the
valuative models. The generative models produce a set of
esign parameters that are favored (optimal) according to

he design objectives formalized by the objective function
e.g., minimum makespan). The generative models are
mplemented on top of the simulations. For many design
roblems in print production process, simulation is the only

easible means to map design parameters and objective
unctions.

EDA provides a theoretical foundation, suite of classical
echniques, and well-established design tools that can be
sed for print production design. However, the unique char-
cteristics of print production process require these EDA
echniques be tailored for print production applications.

ne example is the substantiation of human factors as a
articular server class. Our research is aimed to provide in-

erface between EDA and commercial print, and to synthe-
ize the EDA methodology and print production
pplication.

Research on productivity improvement is gaining accel-
rated attention in print industry in recent years. Most no-
ably is the LDP solution by Xerox.7 LDP is Xerox’s
imulation-based service solution offered through Xerox

anaged Services (XMS) that helps to enhance print shop
roductivity. While applauding and encouraged by LDP’s
chievement, we would like to draw a distinction between
ur approaches. We approach print production as a content-

r print production system. It is composed of both
oth devices models �components with frames� and
.

ture fo
rates b
onents�
riven cyber-physical system; we anticipate that the perva-
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ive sensing and computing-based knowledge discovery will
nable additional design space and flexibility.

ERFORMANCE SIMULATION
igure 3 illustrates the implementation of the simulation
odel of print production system using PTOLEMY. The

imulation starts from web-to-print, where the print re-
uests (jobs) are collected. Multiple event generators are
sed that trigger print requests concurrently, simulating the
resence of multiple storefronts. The print requests are
imulated as Poisson processes with a prescribed mean
nterarrival rate. Once a print request is received, a job is
enerated. A job is a freely extendible record (or struct) con-
aining the job arrival time, due, shipping address, array of
ook records, etc. Each book record corresponds to a unique
ook, containing number of pages, book sizes, paper types,

Figure 3. An explosive view of the simulation mode
level schematics. �b� Schematics of the press zone im
of presses generate printed pages. �c� Schematics
nd number of copies ordered. The job description is inher-

. Imaging Sci. Technol. 060401-
ntly stochastic; job generation involves random number
enerators according to prescribed statistical distributions.
igure 4(a) shows the statistical makeup of the jobs used in
imulation. It includes the distribution of number of books
er job, number of pages per book, and the due duration of
rint requests. The statistical makeup needs to be extracted

rom past job history and used as a simulation input. In this
articular case, these statistical distributions shown in
ig. 4(a) are extracted from real job history data provided by
partner print service provider. This record form of job

escription allows programming flexibility and potentially
traightforward transformation into JDF. This job record
ravels through all stages of print production process. Infor-

ation may be extracted, updated, added, and subtracted
nto the job record. The use of the job record resembles the

ob ticket in print shops.

hy of end-to-end print production workflow. �a� Top
nts the Press composite actor shown in �a�. An array
s a single press.
l hierarc
pleme

simulate
When jobs arrive at each process stage, they can be ad-

Nov.-Dec. 20104
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inistered on a first-come-first-serve (also known as first-
n-first-out) basis. To ensure on-time delivery and maximize
roductivity, other heuristic job priority policies have been
xploited, for instance, earliest-due-date, shortest-
rocessing-time, minimum-slack-time (slack time is defined
s the difference between the due date and the sum of the
emaining work and the current time), and so on. Usually
here are arrays of machines that can perform the same task
ith various capabilities (e.g., service time and capacity), as

llustrated in Fig. 3(b). The prioritized jobs need to be as-
igned to particular machines out of the pool of machines
hat can provide the same service (e.g., black-and-white
rint). Round-Robin with fixed-size quantum (e.g., total
age count) can be used. Alternatively, machine priority
olicies can be implemented, for instance, shortest-queue,
hortest-responsive-time, and so on. In addition, to mini-

ize the machine setup cost batching is used. The batch size
eeds to be engineered otherwise it may have detrimental
ffect on on-time delivery since urgent jobs may be delayed.8

roblems of this kind, constrained by the uncertainty and
eterogeneority of the content and the availability of re-

Figure 4. Representation of jobs. �a� Statistical job
�totally 150 000 books�, from top to bottom, the dis
book, and the due duration of requests.�b� Direct a
ources, have been proven NP-complete. Best heuristic prac- t

. Imaging Sci. Technol. 060401-
ices are print shop specific depending on job contents and
esource constraints.

The implementation of the machines accounts for the
nterruptions due to regular maintenance and unexpected

achine failure, as illustrated in Fig. 3(c). Figures 5(a) and
(b) show example simulation results of the machine utili-
ations and the inventory. They can be used to provide in-
ormation about the effectiveness of certain policies that pri-
ritize jobs and bind jobs with machines.

At the sort-and-ship stage, each book is sorted accord-
ng to its shipping address. Once all the books for particular
rint request are collected, we calculate quality-of-service
QoS), defined as percentage of on-time delivery of com-
leted jobs, and total-cost-of-ownership (TCO), defined as
ost per page. The primary reference we use on cost is Ref. 9.
xample calculation results of QoS and TCO are shown in
ig. 5(d).

The fidelity of the simulation model is measured by
ow closely it resembles reality. The acceptance and adop-
ion of model-based analysis relies on demonstrating not
nly the usefulness of the model but also its fidelity. Valida-

n obtained from a PSP, extracted from 5000 jobs
n of number of books per job, number of pages per
raph documenting a single job.
patter
tributio
cyclic g
ion, that is, the goodness of the assumptions made in the

Nov.-Dec. 20105
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odel about the reality, and verification, that is, the correct-
ess of the model implementation, are a considerable por-

ion of the model development effort. In particular, the vali-
ation is of higher complexity, drawing on both domain
nowledge and modeling expertise, and lasting throughout
he model development process. Depending on particular
roblems of study and the accessibility and makeup of the
xperimental data, we usually infer simulation fidelity from
hree possible sources, (a) analytical results, (b) experimental

easurements, and (c) intuitions of domain experts. Ana-
ytical results provide not only validation but also means for
erification, however, only much simplified models of real-
ife problems can be solved analytically. Agreement with ex-
erimental measurements from real-life system provide
ighest confidence in the simulations; however, the accessi-
ility of the “right” experimental measurements is a chal-

enge. The interpretation and extrapolation of the experi-
ental data is best carried out coupling with the intuition of

omain experts.
Below we discuss a validation study using analytical re-

ults derived from queuing network theory. Consider the
ollowing process, as illustrated in Figure 6(a), the fulfillment
f a PO includes N sequential steps. POs arrive with a mean
rrival rate of �. At each step (indexed by j), multiple ma-
hines, number of Mj, each denoted by �i , j�, can perform
he same function with various capabilities (characterized by

ean service rate �i,j). The probability that a job is assigned
o one of the Mj machines is determined such that, statisti-
ally, jobs receive equal response time (system time) regard-
ess which machine it is assigned to. Upon completion of the
ast step, defect jobs, of scrap rate p, are routed to the initial
tep to repeat the fulfillment process. Both job arrival and

igure 5. Example simulation results. The top row shows transient perfor-
ance of 16 machines within the same process stage, �a� showing the
tilization and �b� showing the inventory. The bottom row shows the sys-
em level metric. �c� shows the impact of different job prioritization algo-
ithms. �d� illustrates the relationship between the objective of maximizing
oS and the objective of minimizing TCO. The horizontal axis is through-
ut. The increase of throughput reduces TCO but may impact on-time
elivery negatively as it may increase the response time.
achine service are assumed to be Poisson processes. D

. Imaging Sci. Technol. 060401-
Even though the process described above is a great sim-
lification of the real print production process, it embodies

ts essence and involves several key components. Most im-
ortantly, this simplified process can be solved analytically
ccording to queuing network theory.10 Therefore, it is cho-
en as a validation case for the simulations.

The runtime policy is defined such that, for any j step,
he responsive time mean is the same for any one of the Mj

achines. The responsive time mean Wj can be calculated,
s

Wj =
Mj

�
i

�i,j − �/�1 − p�
. �1�

herefore, the probability that an incoming job arriving at
tep j to be assigned to machine �i , j� is

Pi,j =
�i,j − 1/Wj

�/�1 − p�
. �2�

he utilization of machine �i , j� is

�i,j =
�Pi,j

�1 − p��i,j

. �3�

he length of the waiting queue is

Qi,j =
�i,j

2

1 − �i,j

�4�

imulation results are plotted together with the analytical
esults shown in Figs. 6(b)–6(e). The simulated mean values
re calculated using sub-sampling method (also known as
ethod of batch means). Good agreement between the

imulation results and that of queuing network theory are
bserved.

OLICY DESIGN
obs
he input to the PSP is the job requests from the print
uyers; let J represent the entire job set yet to be released to
he factory floor. The job pattern describes the statistical
ttributes including job arrival (tempo, can be modeled as
oisson process characterized by a mean arrival rate �) and
ayload (spatial). The payload describes the work needs to
e fulfilled including number of copies ordered, dimension

or each copy and the delivery parameters. The job pattern
an be acquired through field study; they depend on PSP’s
lient makeup. Fig. 4(a) shows a typical job payload ob-
ained from a large PSP indicating most jobs are of short
un-length and with tight due dates. A job, denoted by jn,
an be documented using a sequencing graph [direct acyclic
raph, or DAG, as shown in Fig. 4(b)]: the job is partitioned
nto set of tasks, defined as work can be completed by one
erver on the factory floor. The tasks are the nodes of the

AG, associated weight records costs, and the directed edges

Nov.-Dec. 20106
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Figure 6. Simulation validation by queuing network theory. �a� illustrates the validation problem. �b�–�e�
shows the comparison between the simulation results and that of queuing network theory. In this particular
simulation, N=2, M0=3, and M1=2. 1/mi,j= �1,1.5,2;1,1.5� min. In �b� and �c�, the mean interarrival
time 1/ l is 1 minute and scrap rate varies from 0% to 20%. In �d� and �e�, the scrap rate is 5% and 1/ l varies

from 40 to 90 s. Good agreement between simulation and queuing network theory is observed.

. Imaging Sci. Technol. Nov.-Dec. 2010060401-7
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ndicate the precedence constraints. T�n� denotes the task set
ssociated with jn ; E�n� denotes the associated edge set,

E�n� = �e�e = �u,v�, u, v � T�n�, u � v, start�u� + do�u�

� start�v�� , �5�

here functions start(.) and do(.) return the time to start
nd time taken to perform a task u. Let T denote the com-
lete task set on J and E the complete edge set on T, the SLO
an be written as

start�last�E�n��� + do�last�E�n��� � due�n�, ∀ n, jn � J

�6�

here function last(.) returns the last task of job jn. Function
o(.) is a function of both task and the assigned server to
ulfill this task, it includes possible setup cost which usually
epends on the server status, i.e., the last task this server just
ompleted.

esources
he resource is characterized by its performance, make-

eady effort, cost, consumables, waste, and exception pat-
erns which includes both the nondeterministic (e.g., paper
reak, machine mechanical failure) and deterministic (e.g.,
egular maintenance, scheduled ink refill, worker shift) inter-
uptions, denoted as M. A compatibility variable c can be
efined to classify resources according to the tasks they can

ulfill: c�t ,m�=1 when resource m can fulfill task t; other-
ise c�t ,m�=0.

olicy
any jobs are processed simultaneously on the factory floor,

ompeting for the resource pool to meet their associated
LO. The policy problem includes: (a) determine which job
as the priority to receive available resources (job sequenc-

ng); (b) determine which server has the priority to receive a
ew job (resource binding). Solutions of job sequencing and
esource binding provide the job batching procedure. Faulty
scrap) jobs are rerouted to necessary upstream to repeat the
ulfillment process (re-entrant). To formulate the policy, we
efine a binding variable b :b�t ,m�=1 when task t is as-
igned to resource m and c�t ,m�=1; otherwise b�t ,m�=0.
ask set T�m� includes all the tasks assigned to resource m,

.e., T�m� = �t �b�t ,m�=1, ∀ t�T� for each resource m. We
urther define a permutation variable p�m , t , j� :p�m , t , j�=1
hen b�t ,m�=1 and t is scheduled the j-th to be fulfilled by
; otherwise p�m , t , j�=0. By definition,

�
j

p�m,t, j� = 1, ∀ t � T�m�, ∀ m � M ; �
t�T�m�

p�m,t, j�

= 1, ∀ j � �1,size�T�m���, ∀ m � M . �7�

dditionally, resource m can fulfill only one task at a time,
hat is

start�u� + do�u� � start�v� or start�v� + do�v�

� start�u�, ∀ u, v � T�m� and u
� v, ∀ m � M . �8�

. Imaging Sci. Technol. 060401-
bjective
ind the runtime policy that achieves business objectives, for

nstance, minimizes the makespan and simultaneously guar-
ntees on-time delivery,

min E	 1

T�



0

T�
�max

jn�J

�start�last�E�n��� + do�last�E�n�����dt��
�9�

here function E� . � returns the expectation, T� denotes the
ime duration of interest.

The job profile can be extracted from past job submis-
ion history. It is the input for system analysis and design.
he resource and run-time policy domains project the de-

ign space.

OLUTION APPROACH
Step 0: A subset of high-level questions may find the

ueuing network model acceptable. In this case, an explicit
ixed-integer linear programming model can be formulated

hrough mean value analysis, which will generate the policy
olutions. Otherwise,

Step 1: A handful of heuristic procedures are imple-
ented in today’s PSP operation, for instance, EDD (earliest

ue date) as shown in Fig. 5(c). A collection of popular
euristic solutions are already implemented in the print
orkflow simulator; they form the heuristic solution space.
numerative procedure is applied to scan through this heu-
istic solution space and search for policy solutions meeting
erformance expectation. Otherwise,

Step 2.0: Iterative procedure is applied over the print
orkflow simulator to map the performance metric space

nd the decision variable space, and derive the policy solu-
ion recommendation.11,12

Step 2.1: Relaxation schemes are applied to reduce and
implify the obtained policy solution for practical
mplementation.

UTURE WORK
imulation based modeling can help to optimize the print
roduction system at both strategic and operational level. It
an help to determine optimal workflow, predict production
ottlenecks, guide capacity planning, and incubate different
rint production paradigms without incurring material ex-
enses. This article reports our ongoing work on simulating
print production system adopting EDA tools and method-
logy, and preliminary simulation results.

Many efforts will need to be made on multiple fronts in
rder to develop this simulation platform into a computer-
ided design tool for digital print production, including

(1) Implementing more new component models and
provide complete component library for print pro-
duction process. This includes not only models of
various production machines, but also models of

workforces, product tracking mechanisms (e.g.,
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wireless barcode readers that are broadly imple-
mented in print factories today), and decision mak-
ing logic.

(2) Validating the simulation solutions experimentally.
We have engaged with one of the largest digital
print service providers in the United States as our
research partner to facilitate field validation and re-
ality checking.

(3) Further developing the generative model. Our plan
is to repurpose the suite of EDA synthesis technolo-
gies developed over past 30 years to address the
design automation and optimization problems in-
volved in digital print. For instance, the policy de-
sign problem outlined above describes one particu-
lar use case of this generative model. Another
example is the print production factory layout de-
sign which closely resembles the EDA geometrical
synthesis that provides the optimal solutions for
module placement and routing.

(4) Investigating different print production paradigms.
Print service providers have started to embrace the
lean methodology. A common practice today for
the print service providers is to engage with exter-
nal lean consultants to implement the lean practice.
These lean-oriented changes may affect the opera-
tions policy, for instance, “batch of one;” they may
affect the factory layout, for instance, incorporating
more conveyor that will incur additional material
expenses. Many of these changes have resulted in
great success—higher throughput, faster turnover
rate, better customer satisfaction score, business ex-
pansion without incurring additional headcount,
and so forth. However, some of these changes have
failed after business interruption owing to material
costs. We plan to deploy this simulation platform to
investigate different print production practices, to
provide quantitative assessment on, for instance,
the effectiveness of “batch of one,” and also to il-
lustrate the use of the modeling as the “virtual
sandbox” that print service providers can use to
first test out changes and verify the practicality and
. Imaging Sci. Technol. 060401-
effectiveness before implementing them on the fac-
tory floor.

The effectiveness of model-based analysis relies on win-
ing the acceptance from the decision-makers. This article
ummarizes our first step in demonstrating the fidelity and
sefulness of simulation and modeling, and prompting the
odel-based design approach.
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