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bstract. Using the transmission control protocol/internet protocol
TCP/IP) stack as a model of layered protocols, the authors propose

next-generation reliable print service called the Gutenberg-Landa
CP/IP to handle the routing of pages through a print service pro-
ider (PSP). Gutenberg-Landa TCP/IP will be an expanded TCP/IP
rotocol: just as data packets flow through the internet to form web
ages, so printed pages flow through a PSP; but unlike data pack-
ts, printed pages must be routed through a series of irreversible
hysical transformations. This wide range of transport mechanisms
nd transformations (such as raster image processors, high speed
igital presses, paper handling, and finishing devices) are all con-
ected by their opportunity to read and add information to the
rinted page. Given the proper infrastructure, the printed page itself
an dynamically route itself through the PSP. Through its design of

ts protocols, Gutenberg-Landa TCP/IP will unify reliable printing,
nishing, and delivery into a single paradigm that would provide the
ame quality of service as the internet: a highly efficient and robust
rint infrastructure with near 100% uptime and the ability to grow its
rint capacity without limit. Gutenberg-Landa TCP/IP is a prime ex-
mple of a cyberphysical system: its goal is to seamlessly integrate
hysical manufacturing infrastructure with internet and networking

nfrastructure. © 2010 Society for Imaging Science and Technology.
DOI: 10.2352/J.ImagingSci.Technol.2010.54.5.050305�

NTRODUCTION: PRINTED PAGES AS PACKETS
his article proposes a next-generation reliable print service
alled the Gutenberg-Landa (G-L) (see Figure 1) TCP/IP
hat uses the transmission control protocol/internet protocol
TCP/IP) stack,1 the basis of internet communication, as a
odel of layered protocols for design of a print service pro-

ider (PSP). By using the same stack architecture, we will
ecreate three key system characteristics of the internet for
he next-generation print infrastructure:

(1) distributed management of heterogeneous devices;
(2) robustness and scalability of print capacity;
(3) the seamless flow of content from internet publish-

ing to the printed page; and
(4) the seamless flow of the physical manufacturing ca-

pabilities of the PSP onto the internet.

Just as the internet consists of routers, computers, and
ptical transmission lines of different makes and models that
un multiple versions of different software, so Gutenberg-
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anda TCP/IP will bind together binders, staplers, raster im-
ge processors (RIPs), digital presses, and paper path into a
ohesive print service. Just as the internet can bypass failed
omponents and find more bandwidth from connected
omponents, so Gutenberg-Landa TCP/IP will add a level of
obustness and scalability to the print capacity of a PSP. Just
s the internet has developed services and applications that
istribute text, video, and images across multiple computers,
o Gutenberg-Landa TCP/IP will seamlessly transform dis-
ribution of internet-created content to the printed page,
reating high value pages destined for digital presses.

With Gutenberg-Landa TCP/IP, this article implicitly
roposes a paradigm shift in how PSPs are both internally
nd externally connected and demonstrate how reliable print
roduction can occur not only for a single PSP site but also
cross a distribution of PSPs, independent of the underlying
rint capabilities or finishing hardware. The printing indus-
ry will always be an industrial challenge because the trans-
ormation of data into physical print artifacts will always
nvolve heavy machinery and large capital costs. Gutenberg-
anda TCP/IP is the first step not only in integrating indus-
rial machines with IT infrastructure but also in connecting
igital content with its physical manifestations.

Gutenberg-Landa TCP/IP distills the beauty of internet
nto a counterintuitive (and democratic) design principle:
he wide distribution (versus centralization) of job
ransport/tracking responsibility within the system creates a

ore robust and agile system. The internet divides the re-
ponsibility of data transport across a many different types
f networking equipment over a wide geography; it can
aintain a high level of service because these disparate net-

igure 1. Two for one: Benny Landa �founder of HP/Indigo, pioneer and
hampion of digital print� as Johannes Gutenberg �father of printing�.

ourtesy of Landa.
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ork elements collaborate and accomplish their task by only
hree things: an agreement to abide by common protocol to
uide its own actions, an understanding of its role in the
rotocol, and an ability to modify the tracking information
f the payload itself. Instead of centralizing transport control
t a single point, the TCP/IP protocols distribute responsi-
ility of transport throughout the system and create robust
ystem not for a single transport of one file but for the
ggregate transport of billions of packets every day. This
ounterintuitive stack architecture actually increases the
omplexity of individual elements within the system but can
reate a significantly more efficient infrastructure to the ful-
llment of billions of commercial print pages and connect

he commercial print fulfillment infrastructure to the con-
ent available on the internet.

As a research topic, Gutenberg-Landa TCP/IP is a prime
xample of a cyberphysical system:2 its goal is to seamlessly
ntegrate physical manufacturing infrastructure with internet
nd networking infrastructure. As mentioned below, its re-
earch challenges intersect with many research areas such as
ean manufacturing, electronic design automation, and com-
uter networking.

ACKGROUND
ver since widespread adoption of the original Gutenberg
ress, analog offset printing has defined commercial print
ublishing.3 In spite of the internet, desktop publishing, im-
ge processing, and Moore’s law, the limitations of analog
ffset press have defined what it means to be published in
rint and what it means to be printed. The analog offset
ress can deliver a high quality prints for an unbeatably low
rice per page, but only at page volumes in the hundred

housands, and at a great capital expense. This combination
f economics and the mechanics of analog offset press have

imited commercial print to a broadcast medium, competing
ith television, radio, and other forms of broadcast. Even
ith the advent of the digital offset press, the legacy of the

nalog offset press still defines many different aspects of the
rint infrastructure beyond the press itself: PSP resource
anagement, customer access, computation architecture,

nd color processing.

SP Resource Management
urrently, a centralized manager at a PSP provisions the
quipment for a run of jobs for a particular class of content.

hile preallocation of equipment and centralized scheduling
f jobs is efficient for long run jobs for the analog press, this
ethodology can only be modified to accept certain classes

f short runs jobs, either by explicitly printing only one type
f content (e.g., photobooks via a web service like
napfish™) or by expressing its content in a variable data
rinting (VDP) language, whose language structure auto-
atically filters out content that cannot match the print ca-

abilities of the printing system. Even though the digital
ress itself can print every page differently, the current com-
ercial print infrastructure does not exploit its flexibility of
digital printing press because its resource management has
lready predetermined what is acceptable content to print. l

. Imaging Sci. Technol. 050305-
ustomer Access
urrently, PSPs restrict access to their presses, RIP systems,
nd finishing equipment to in-house professionals who have
ntimate knowledge of each machine. This access to analog
ffset presses was acceptable for offset presses because only

ong-run static print jobs were available and economically
easible. The cost of this face-to-face negotiation over each
evice would be amortized over a number of copies. This

ack of automated access hides the PSP capabilities from the
ustomer and stifles the free flow of internet content into
heir production lines, especially for the short run internet-
ased content, e.g., VDP documents that are sourced from
he web, e.g., housing market service mashup via Google

aps.

omputational Architecture
he bulk of all computation in a PSP occurs at the RIP in
rder to create the imaging plate. This RIP time/
omputation is amortized over the number of copies being
ade with that plate. Because a typical press run of 10,000–

00,000 copies take hours to complete, analog offset press
ave allowed RIP times of minutes per page, requiring light-
eight IT infrastructure, and precluding other digital con-

ent that may demand one RIP per copy.

olor Processing
he transition from analog to digital offset presses has been
ardest on color processing. Although digital presses have
ew color capabilities, the language for commercial print
olor processing is so geared toward controlling the standard
pecifications for web offset publications CMYK (cyan, ma-
enta, yellow, and key black) inks and spot colors on the
nalog offset press that it filters out most of new
unctionalities that digital presses have to offer. Most content
roviders hope for only consistent CMYK color on their
rints, rarely aware of possibilities of anything more.

ob/Page Tracking and Error Recovery
n general, for job/page tracking and print error recovery of
ong run jobs, PSPs use centuries-old solutions to these
asks: manual validation by a human and overproduction,
espectively. Since long runs were merely copies of each
ther, a PSP covers any copies that were lost with a standard
0% overproduction. For short run and VDP jobs, very few
opies of a single page are made and overproduction would
equire 50–100 % overhead cost on a job. Furthermore, the
racking of even 200 pages within a PSP would be a night-

are if done manually, and without a means to automati-
ally reprint a job, the PSP floor would come to a standstill.
or bill printing and other financial transactions, PSP must
edicate its own proprietary tracking and validation mecha-
ism. Nevertheless, the problem of a multitude of small jobs
owing through a PSP and the varied types of VDP printed
ontent are the same. We require transparency not only on a
ob-to-job basis but also on a page-to-page basis, much like
ow we do things on the internet.

ummary
lthough we may upgrade the commercial press from ana-
og to a digital, the lack of connectivity and the centralized

Sep.-Oct. 20102
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anagement of the PSP’s equipment is holding back the
onversion from analog to digital commercial print content.

We are at the tipping point of a paradigm shift on what
aterial can be published and how much more immediate

nd valuable the print media can become. Analog offset
resses were broadcast communication devices; digital offset
resses are more like the internet. With the analog offset
resses, commercial print publishing is a communication
etwork with one high quality message sent to many people.
ith the digital offset press, commercial print publishing

an print a different page to every person. In this way, the
nalog press is more like a television or radio tower broad-
asting a signal; the digital press is structured more like the
nternet, treating each page like a datagram packet sent to a
articular user. The communication capabilities of the digi-

al press are hidden behind a wall of protocols that have
een defined for the analog offset press. Once the digital
resses of PSPs can network properly to handle the streams
f digital content, the commercial print industry (like other
edia industries) will reap the benefits of the internet

evolution.

HE CHALLENGE: GUTENBERG-LANDA TCP/IP
he core theoretical challenge is how to remap and expand

he TCP/IP standard into a print infrastructure that (1) has
he physical routing of information, (2) integrates its own
istributed imaging/sensing/marking network, and (3) re-
uires a guarantee that a sequential order of physical pro-
essing steps, determined by information on the page itself,
as been applied to a given page. When we meet this chal-

enge, we will create a print infrastructure that would pro-
ide the same quality of service as the internet: a highly
fficient and robust print infrastructure with near 100% up-
ime and the ability to grow its print capacity without limit.

By directly remapping the parts of the standard TCP/IP
rotocol, Gutenberg-Landa TCP/IP retains two specific char-
cteristics of the TCP/IP layered system: (1) the ability to
ccept many different heterogeneous components and (2)
he ability to dynamically provision and route pages for best
uality of service even in the face of component failures.
owever, protocols for TCP/IP are written for data not for

hysical objects; while data are inherently pliable, the naive
apping of TCP/IP would leave thousands of torn envelopes

n the PSP’s floor. This design would require distributed
maging/sensing network to validate a content, flow, and
uality on a page-by-page basis and match the extremely low
alse negative rates of packet error detection on the internet.
sing the same TCP/IP stack as a model in both physical

nd digital domains, Gutenberg-Landa TCP/IP routes infor-
ation and content seamlessly between the two domains.

Gutenberg-Landa TCP/IP must extend the TCP/IP
tandard to support the routing and discovery of different
ifferent physical utilities and the associated infrastructure

hat is required to bootstrap and implement these protocols.
irst, we must append the sequence and the parameters of
hysical transformations (e.g., color, security, collation, and
olding) to the routing protocol of each page so that the page b

. Imaging Sci. Technol. 050305-
an keep track of its own progression. Second, while the
acket on the internet must only make sure that it is ap-
roaching to its final destination, a page in a PSP must
rogress through a series of particular physical devices be-

ore reaching its final destination.
This proposal envisions the next-generation PSP as a

etwork, consisting of three types of Gutenberg-Landa com-
onents [Figure 2(a)], connected by point-to-point paper
ransfers [Fig. 2(b)]. Within the network, a printed page
tarts at the every page is different (EPID) RIP and press
ombinations and moves through the PSP, requesting color
nd security services, discovering finishing devices, and vali-
ating its own content and content transformation after
ach device. Along with enhancing finish devices with read/
rite capabilities, Gutenberg-Landa TCP/IP requires the cre-

tion of printed page routers, buffers, and switches, i.e., a
rinted page version of network infrastructure.

Since Gutenberg-Landa TCP/IP deals with transport of
nformation as both digital data and physical media,
utenberg-Landa TCP/IP is a prime example of a

yberphysical system, where actuated physical devices are
ombined with IT infrastructure and networking. Research
n cyberphysical systems intersect three major fields of re-
earch: (1) principles of lean manufacturing,4 (2) electronic
esign automation (EDA),5 and (3) computer networking.6

any of its research challenges can leverage work in one or
elds:

(1) G-L TCP/IP will need to handle jobs whose com-
ponents may be fulfilled with parallel processing
routes. Relevant research topics include high-level
synthesis on task graphics (EDA)7 and multipath
routing (networking).8

(2) G-L TCP/IP will need to map hardware-
independent job definition format (JDF) intent
into hardware-specific workflow steps. Relevant re-
search topics include just-in-time or dynamic
compilation9 and silicon compilation (EDA).10

(3) G-L TCP/IP will need to manage the human com-
ponent that forms the interstitial glue of the manu-
facturing process. Relevant research topics include
lean manufacturing11 and heterogeneous networks
(networking).12

(4) G-L TCP/IP will need to analyze of total end-to-
end costs of the commercial print manufacturing
process on a real-time basis. Relevant research top-
ics include lean manufacturing cost analysis13 and
EDA modeling and simulation tools such as
Ptolemy.14

Solutions for these research challenges will leverage and
ybridize these relevant research areas.

While touching upon many different research fields,
-L TCP/IP proposal highlights the most important aspect
n the digital commercial print the link between internet
uthored content feeding an efficient scalable print fulfill-
ent infrastructure. The particular choice of name com-
ines the greatest potential of the work: when the content

Sep.-Oct. 20103
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ollaborative creation infrastructure of the internet can flow
ithout resistance into the fulfillment infrastructure, within

he working business model of commercial print.
utenberg-Landa TCP/IP is a cutting edge (and profitable)

xample of a cyberphysical system.
Finally, as a grand challenge, how general is Gutenberg-

anda TCP/IP for creating a general purpose, on-demand,
ontent-based manufacturing systems—can it be applied to
ar, house, or DNA-specific drug manufacturing?15

UTENBERG-LANDA TCP/IP STACK
s shown in Figure 3, we have divided our Gutenberg-Landa
CP/IP stack into a layered system that corresponds closely

o the TCP/IP protocol: the physical layer, the datalink layer,
he network layer, and the transport layer. To distinguish
rom the internet layers, we denote the Gutenberg-Landa
ersions of layers with G-L prefix. In each section, we will
ive the specific role and responsibility of each layer for two
mportant end-to-end properties of the document: color and

Figure 2. Next-generation PSP as Gutenberg-Lan
Gutenberg-Landa System. �b� shows an example of
staple groups of pages with and without UV coatin
nishing. i

. Imaging Sci. Technol. 050305-
utenberg-Landa Physical Layer
he G-L physical layer encodes data onto and scans data off
f the physically printed pages. This layer handles the actual
hysical paper and integrates digital presses and various fin-

shing devices with sensors, imagers, and special marking
evices. This layer also includes printing specific hardware
nd algorithms to transform content into printing marks
uch as RIP, half-toning, color mapping, and security print-

work. �a� illustrates a taxonomy of devices in a
e Gutenberg-Landa TCP/IP system that can bind or

Figure 3. Gutenberg-Landa TCP/IP Stack Implementation.
da net
a simpl
ng. This layer is responsible for attachable imaging and me-

Sep.-Oct. 20104
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hanical components that add these reading and writing ca-
abilities to current paper handling infrastructure. This layer

s also responsible for creating the marks on the printed page
or content payload, but not format or organization of the

arks for routing.
One of the major challenges is the speed of converting

ata into printed pages: for Gutenberg-Landa TCP/IP, the
ransitional boundary between the internet packets and
hysical pages must not be a bottleneck since all pages are
ifferent due to their identity and routing information. The
igital press can certainly deliver the ink at speed; however, a
reat challenge is to design IT infrastructure that can deal
ith the real-time constraints of digital press output and the

ater digitization of its output. Since a digital offset press can
rint a different page every time, RIP may occur for every
age, increasing computational demand by a factor of
00,000 over analog offset press. This massively parallel
igh-performance RIP computing architecture16 will inte-
rate multicore central processing units (CPUs), graphic
rocessing units (GPUs),17 field programmable gate arrays
FPGAs), and custom-designed application specific inte-
rated circuits, as needed.

The other challenge is to provide a distributed imaging/
ensing network that can answer four questions with a very,
ery low error rate ��0.001%�: (1) routing verification, i.e.,
hether it is supposed to be here; (2) content validation, i.e.,
hether the current physical page actually matches its cor-

esponding digital page; (3) job validation, i.e., whether the
age is placed correctly in its bound document or print job;
nd (4) G-L TCP/IP marking, i.e., how to append more
outing information for the G-L TCP/IP onto the page. The
uccess of the distributed imaging/sensing network depends
pon a design that optimizes five different factors simulta-
eously: (1) the robustness and informational density of the
age headers; (2) the complexity of the imaging hardware;
3) the complexity of image enhancement, registration, and
egmentation; (4) the placement within or modifications of
he paper path for these imaging devices; and (5) integration
f the marking technologies if the device is write capable.
uch like EPID RIP, a similar computing infrastructure is

equired to handle the uptake of these data as well.
For color, the G-L physical layer corresponds to the

ardware that holds the ink and places the mixture of inks as
olor onto a page. For finishing, the G-L physical layer cor-
esponds to the actual physical equipment that implements
olding, cutting, binding, stapling, etc.

utenberg-Landa Datalink Layer
he G-L datalink layer binds information to the printed
age, reads information off the page, validates its content
ayload, and amends the routing information if necessary.
-L datalink layer specifies routing information to be cre-

ted on the page. This layer must balance the robustness of
outing indicia with the complexity of its imaging algo-
ithms. In addition to supporting routing information, G-L
atalink layer also define a language of content transforma-
ion to encode finishing, color and security services that the
 p

. Imaging Sci. Technol. 050305-
age must reach, and update that information when that
rocessing has been applied.

For color, the G-L datalink layer corresponds to the
olor consistency/stability on the printing device itself, main-
ained through either a calibration protocol or closed loop
ensor. Also, it would include hardware to keep track of the
nk supplies within the given printer.

For finishing, the G-L datalink layer corresponds to the
ardware and software infrastructures that can read any em-
edded information off the page and can write information
nto the page while doing the physical transformation of

olding, cutting, etc. Also, it would include hardware to keep
rack of the consumables (cutting blades, paper pick-up
ear, etc). In Fig. 3, we distinguish a standard finisher with

hese additional capabilities as a “G-L enabled finisher.”

utenberg-Landa Network Layer
he G-L network layer routes pages within the PSP to the
age’s desired transformations. This layer is responsible for

he protocols to robustly find the required processing re-
ource and move the page toward its processing goal via the

ost efficient form of physical transport. To match internet
rotocols, we would assume some locally optimal greedy se-

ection routing for distributed routing. Unlike the internet,
utenberg-Landa TCP/IP has classes of physical devices
ith different functionalities, and some pages will require

outing to specific classes of physical devices. One approach
ould be to treat every class of physical devices as its own
irtual overlaid network inside of the PSP network. This
ultiple network view of the system would require substan-

ial analysis and design to make sure that pages moving from
ne device to another would still have some guarantee of
rogress.

For color, the G-L network layer also supports the com-
unication of device color capabilities and the state of a

evice’s supplies to other devices on the G-L network. For
nishing, the G-L network layer also supports the commu-
ication of its finishing capabilities and the state of a device’s
onsumables to other devices on the G-L network.

utenberg-Landa Transport Layer
he G-L transport layer (TCP) maintains the correctness
nd reliability of the printed job. This layer will rely on the
age image analog to data checksum, but the protocols for

ob reliability will be determined mostly by the capabilities
f the lower layers. This layer’s function is to ensure the
eliable print of a whole job. The standard TCP protocol is
hat if a packet is missing, all packets are dropped and a
equest for resend is made. The TCP protocol may have to
e significantly modified in its failure modes to work for
SPs. For instance, G-L TCP may have to encode some kind
f path robustness for it to work properly. The previous

ayers of design will also inform how we design the analog of
he TCP protocol in the printed page domain.

The design and implementation of a modified TCP/IP
outing protocol must include an infrastructure to discover
he correct physical devices and the protocol for marking the

rogression of page through its physical transformations.

Sep.-Oct. 20105
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or Gutenberg-Landa TCP/IP, every class of physical device
efines a different connectivity to printed page network.
ith these differentiated networks, we need to analyze the

tability of these protocols and the performance guarantees.
s we better understand the system behavior of the compo-
ent involved with the design, we can better define the pro-

ocol and supporting infrastructure.
For color, the G-L transport layer supports the coordi-

ation of color for a single printed document across mul-
iple devices and ensure the aggregated multiple processing
teps to produce the desired color. For finishing, the G-L
ransport layer keeps the track of progress of the finishing
teps and moves the job sequentially through each hardware
evice that has the capabilities to fulfill each step.

rint Services Above Gutenberg-Landa TCP/IP
n consuming jobs for the customer, PSP would control their
nternal PSP network through the submission of JDF-
pecified jobs on the network. The PSP would expand (or
educe) production capacity by adding (or removing) new
evice to the Gutenberg-Landa Network. Jobs flowing

hrough the PSP could be tracked; jobs finished would flow
ut or fail within the PSP. Ideally, while the physical devices
ould still be individually installed, maintained, and re-
aired as today’s PSP, the management of the PSP could be
nderstood and maintained easily at a system level.

For color, a color print service would enforce a level of
olor consistency across geographic distribution of printed
aterial. For finishing, a finishing print service would

hoose different finishing paths based upon price sensitivity
f a given user over an order of documents where the rout-

ng of finishing processing would be determined by the bud-
et of the user.

ONCLUSION
he insights that we gain from this remapping of TCP/IP
ill inform us about the next untapped market: general pur-
ose content-driven manufacturing, where design and con-

ent specified by the consumer drives the production pro-
ess. Commercial print is merely the leading edge example
f this new type of manufacturing, and an example of a
yberphysical system that can turn a profit.

Our first step at HP Laboratories is to build a PSP
imulator18 for cost-benefit analysis of the current PSP de-
. Imaging Sci. Technol. 050305-
igns versus Gutenberg-Landa based PSP design. We will
ptimize our system design and Gutenberg-Landa protocols
ccording to the patterns of communications among system
omponents and the impact on associated design tasks, for
nstance, imaging and indicia design. As our analysis design
rogresses, we will work with PSP to test our designs.
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