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Abstract. This study outlines the importance of tacit knowledge for engineering
organizations, specially engineer-to-order organizations, and its impact in Prod-
uct Lifecycle Management (PLM) implementations. The use of maturity models
as roadmaps and its functions in PLM and knowledge management (KM) are
explored. Difficulties of managing knowledge to prepare an organization for
PLM implementation, and how PLM maturity models lack the granularity to sup-
port KM for PLM implementations are also explored. To support KM for PLM
implementations, a tacit knowledge codification scale is developed from KM and
PLM maturity models. The scale intends to help knowledge managers better pre-
pare the organization for a PLM implementation and better support the imple-
mentation effort.
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1 Introduction

A lot of knowledge in an organization resides in people’s heads and nowhere else. How
does this knowledge relate to Product Lifecycle Management (PLM) initiatives and
how to measure its integration in those initiatives?

When knowledge is codified, written, explained, be it in policies, procedures, de-
tailed estimates, patents or any other kind of document, it can be said to be “explicit”.
Explicit knowledge is visible, can be regrouped and analyzed without interaction with
the people who hold that knowledge. There is however a great amount of knowledge
that has never gone through the codification process. It is, for instance, the knowledge
of which policies apply in a specific case, which procedures interact in a process, what
is the consequence of including an information in a detailed estimate and so on. This
kind of knowledge is recognized by the term “tacit knowledge”, which covers all
knowledge that is not codified. Tacit knowledge may have never been articulated, dis-
cussed or exposed to management. It is, however, the kind of knowledge that helps



organizations build success in new projects and deal with uncertainty. Tacit knowledge
is built through diversified experience, interaction with other knowers, observation, on-
the-job training, mentorship, and other activities with high level of interaction between
participants. Tacit knowledge is the power behind situations where engineers make rec-
ommendations that would apparently go against standards but that effectively solve a
problem with no further repercussions. Another example is where an activity is theo-
retically dependent on a piece of equipment, but engineers know that the task can be
completed without it just fine. It is the knowledge that empowers the worker to do the
right thing even when conditions are not optimal. This kind of knowledge is less visible
because it resides in people’s minds and, as such, cannot be exposed without interaction
with the people who hold it. Tacit knowledge may be less visible but is still the doorway
for the application of the organizational knowledge to the operational environment [17].

The success of an organization in creating, producing, commercializing and support-
ing the sales of a given product at any point in time depends on how it employs the
knowledge it holds. If there are no policies or procedures, all the knowledge involved
is tacit. Codified tacit knowledge, or explicit knowledge, enables department integra-
tion, data production and software implementation and, therefore, allows for PLM im-
plementation. Explicit knowledge also reduces the risk of knowledge loss. Many initi-
atives in knowledge management focus on codifying tacit knowledge, or, in other
words, creating documents or systems out of tacit knowledge, in order to attain these
advantages. However, the process is rather costly.

Tacit knowledge, on the other hand, enables flexibility, out-of-the-box thinking and
innovation. These elements are especially important for engineer-to-order organiza-
tions. Engineer-to-order organizations are defined by Schénsleben [15] as industries
where “at least some design or engineering work occurs during delivery lead time, ac-
cording to customer specifications” (p. V). In engineer-to-order organizations,
knowledge workers must adapt their interventions to the order requirements. Imple-
menting PLM in engineer-to-order organizations is particularly difficult [9] because of
the importance of tacit knowledge in those organizations.

The need to understand the impact of tacit knowledge in PLM implementations is
twofold: Firstly, to maximize the use of resources by prioritizing codification initiatives
where it would have the most impact. Secondly, to codify tacit knowledge to the opti-
mal extent — the point where an acceptable compromise is reached between standardi-
zation and flexibility. In this study, maturity models in knowledge management (KM)
and in PLM were analyzed to identify stages of tacit knowledge codification. A scale
of tacit knowledge codification is then proposed.

2 Overview of Literature

Organizations place high expectations on PLM implementation [20]. One of the objec-
tives of PLM is to centralize the product knowledge residing in individuals of the or-
ganization [14]. However, the management of knowledge, especially its tacit dimen-
sion, has been noticeably left out of PLM [8]. To verify this statement, we performed a
bibliometric analysis of the field in Scopus, a major bibliographic database indexing



journal articles, books and conference proceedings, among other kinds of documents.
2163 documents were retrieved with the query “product lifecycle management” applied
in title, abstracts and keywords fields or in any of them [5]. Of this body of published
literature, little more than a quarter (25.16%) also mentioned the term “knowledge”.
Only a little less than 7% (6.85%) of the articles mentioned “tacit knowledge”, “know-
how” or “experience” [3], terms that would suggest some reflection on the knowledge
employed by workers in the accomplishment of their tasks. The term “tacit knowledge”
itself, largely established in the knowledge management (KM) field, accounts for little
more than 0% (0.32%, or seven documents) of the works on PLM [4].

Stark [18] defines Product lifecycle management (PLM) as “the business activity of
managing, in the most effective way, a company’s products all the way across their
lifecycles; from the very first idea for a product all the way through until it is retired
and disposed of” (p. 1). The need to improve the capability to manage products, ac-
cording to Kale [7], comes from the traditional department-oriented paradigm, where
demand is detected by marketing, the product is designed by engineering, produced by
manufacturing and supported by sales. Potential benefits of applying PLM include
faster and less faulty distribution of change information, the anchoring of products to
its related certificates, records and test results, and easier diffusion and maintenance of
standards [14] (p. 96). The common aim of adopting PLM is “to integrate people, pro-
cesses, data, information and knowledge throughout the product’s lifecycle, within a
company and between companies” [10] (p. 97). In knowledge terms, PLM has been
defined as “the ability to manage the knowledge and capabilities of an organization to
respond effectively to specific customer needs, at any point in time” [7].

PLM affects a wide range of processes inside and outside the company, often in-
volves changes to existing business processes and working practices [1], in addition to
requiring new types of skills and capabilities, not to mention large-scale cultural and
strategic changes [10]. A certain level of collaboration between departments within and
organization and perhaps among organizations is then sought. In fact, many problems
with implementation of PLM Support Systems have been considered “more of organi-
zational nature rather than technical” [1] (p. 335) as PLM impacts working processes
and activities, which includes people’s roles, responsibilities and authorities [20]. PLM
impacts and is impacted by the knowledge surrounding the lifecycle of a product.

To assess the readiness for PLM implementation and increase its chances of success,
maturity models have been developed. The term “maturity” combines notions of evo-
lution with levels of process formality. Maturity models provide the good and bad prac-
tices across transitional stages, intended to be used as a part of an improvement process
[6]. Most maturity models are adapted from the Capability maturity model (CMM),
developed by Paulk [13]. Initially defined to determine the readiness of an organization
to adopt a given piece of software, maturity levels are well-defined evolutionary steps
on the path to a clear goal [19].

PLM implementations depend on a certain level of codification of tacit knowledge,
which might have not yet been attained by the organization. In addition, a balance has
to be achieved in the codification of tacit knowledge to maintain the flexibility
knowledge workers require to do well in their jobs.



In order to articulate tacit knowledge codification with PLM implementations, we
performed content analysis on a KM and PLM maturity models to obtain a gradient of
tacit knowledge codification and better inform knowledge management initiatives in
PLM implementations.

3 Methodology

In order to analyze tacit knowledge codification states, a KM and a PLM maturity
model were selected.

Dalkir [2] accounts for the existence of about twelve knowledge management ma-
turity models. To allow for mapping to the PLM maturity model, the knowledge man-
agement maturity model should present descriptions of initiatives and / or outcomes in
each level that are rich enough to associate them with the corresponding PLM maturity
model initiatives and / or outcomes. Among the twelve knowledge management ma-
turity models presented by Dalkir [2], the Kochikar [12] model was selected because
of the richness of details presented for each level.

The Kochikar [12] maturity model has five incrementally complex phases. In phase
one, Default, the organization is completely dependent on individual skills and abilities;
in phase two, Reactive, the organization is capable of performing the basic business
tasks repeatedly; in phase three, Aware, the organization is somewhat capable of sup-
porting decision-making with data; in phase four, Convinced, there is quantitative de-
cision making for strategic and operational; in phase five, Sharing, the organization is
able to manage organizational competence.

The Kochikar model intends to reflect an organization’s intention and ability to man-
age knowledge. Intentional codification of tacit knowledge is a part of knowledge man-
agement. Phase one, Default, suggests no intentional codification of tacit knowledge is
attempted, resulting in the organizational dependence on individuals’ skills and abili-
ties. Tacit knowledge is produced individually only. In this phase, basic business activ-
ities are at risk when an individual leaves the organization. To reduce this risk, two
complementary knowledge management solutions can be applied: (1) sharing tacit
knowledge through job shadowing, on-the-job training and mentoring, for example, and
(2) codifying tacit knowledge, through the creation of documents enumerating position
and department responsibilities, procedures and policies. This reduction of knowledge
loss, joined by the organizational ability to repeat basic business tasks through person-
nel movement, h is represented by phase two of the maturity model, Reactive. The third
phase, Aware, denotes a greater degree of tacit knowledge codification, as the coverage
of data produced is enough to support decision-making. Indeed, tracking a task implies
the acknowledgement that the task exists. The appreciation of the value of that task
implies knowledge of the process the task belongs to. The two subsequent levels imply
greater levels of conjoined work between departments in an organization. At these lev-
els, departments are not only aware of the work in other departments, but they are able
to collaborate and adapt to new business realities or new product requirements demand-
ing collaboration between departments. Tacit knowledge is produced jointly.



On the PLM side, Kérkké&inen and Silventoinen [9] identified nine maturity models
specifically conceived for PLM. As organizations have different PLM needs, the au-
thors analyzed the focus of these maturity models along three dimensions: (1) from
Functional, Organizational to Inter-organizational; (2) from Data / Information to
Knowledge / People and (3) from Process automation to Ad-hoc process integration.
Engineer-to-order organizations need more flexibility in adapting tasks to the product
requirements at hand, meaning they need a strong Ad-hoc process integration. Of the
nine PLM maturity models analyzed by Kéarkkainen and Silventoinen [9], the Sharma
[16] model had the strongest ad-hoc process integration. In addition to that, it allowed
for a balanced description of needs in the Data / Information to Knowledge / People
spectrum. Still according to Kérkkainen and Silventoinen [9], the Sharma [16] model
also focuses on process automation.

The Sharma model was conceived to facilitate collaboration among organizations,
product development and innovation and has six phases: The first phase, Manual/Ad
hoc, is paper-based; in the second phase, Standardization, there is some integration; in
the third phase, Visibility, there is a cross-platform visibility; in the fourth phase, Busi-
ness Activity Reinvention, there is intra-organization integration; in the fifth phase,
Real time track and trace, there is flexible inter-organization application integration; in
phase six, Collective optimization, there is need-based inter- and intra- organization
event and business process integration [16].

In terms of knowledge, at the base of the Sharma model, there is ad hoc integration
due to kinships and other cultural reasons, with no intentional knowledge management.
In the second level, integration between departments assumes formalization of proce-
dures or, in other words, some tacit knowledge codification. The third level evokes the
possibility of a department understanding the work involved in the inputs it receives
and in the outputs it produces, denoting an understanding of roles, responsibilities and
tasks of each department. The fourth level represents the possibility of a department to
influence the course of production depending on specific and/or business requirements.
Here, a certain degree of collaboration is implied, indicating the creation of tacit
knowledge involves more than one department. Subsequent levels indicate an increas-
ing number of departments, inside and outside of the organization, sharing the fourth
level state. In other words, more and more departments share the same understanding —
the same knowledge - about departments’ tasks and impact in the product lifecycle. As
departments work more closely together, the tacit knowledge produced becomes more
collectively produced and used by more and more departments.

Table 1 summarizes both maturity models levels regarding tacit knowledge.

Table 1. Tacit knowledge codification and production in KM and PLM maturity models

Level KM maturity model (Kochikar) PLM maturity model (Sharma)
1 No tacit knowledge codification sup- No tacit knowledge codification sup-
ported by organization ported by organization

Some tacit knowledge codification;

2 Tacit knowledge sharing

Some tacit knowledge codification




Tacit knowledge codification at the Tacit knowledge codificgtion at the pro-
3 process level cess level;
Tacit knowledge sharing
4 Conjoined production of tacit collective production of tacit

knowledge knowledge

5 Greater, conjoined production of tacit Greater, collective production of tacit
knowledge knowledge

Greater, collective production of tacit

6 - knowledge by greater number of de-
partments

4 Results

In both KM and PLM maturity models, tacit knowledge codification precedes the shar-
ing and collective production of tacit knowledge. This finding suggests that efforts for
codification of tacit knowledge are necessary to foster the collective production of tacit
knowledge. Tacit knowledge is first produced individually, then codified, and therefore
shared, by department, then an understanding of the positioning of the department in
the product lifecycle takes place, before the production of tacit knowledge can be un-
dertaken by two or more departments together. The aim of PLM is to level all depart-
ments touching a product lifecycle to a stage where they can produce tacit knowledge
together. Joint production of tacit knowledge, however, demands a shared context and
some closeness between teams.

Evaluation of levels of tacit knowledge codification, sharing or collective production
seems possible at the department level and presents a good indicator of the readiness of
two or more departments to implement a PLM initiative.

The collective production of tacit knowledge implies the shared understanding of
two or more departments regarding their positioning in the product lifecycle and how
one department’s work influences the other. However, departments might not have the
same level of understanding. Departments might develop their understanding of the
impact of another department over their work before understanding their own impact
on another department.

This beginning of understanding seems to be a necessary stage before the implemen-
tation of PLM, in order to avoid the organizational issues mentioned by Batenburg [1].

Based on these findings, we suggest a scale of tacit knowledge codification in Table
2.

Table 2. Tacit Knowledge Codification Scale

Level Definition Codified tacit knowledge
Uncharted Tacit knowledge resides only in | Workers” Curricula vitae and personal
individuals notes
Tacit knowledge relations be- Workflows; Fishbone diagrams[11]
Interrelated tween departments have been representing the product lifecycle; Data
identified and codified maps and dictionaries




Departments are aware of fac- Requests for task changes in other de-
tors influencing work before partments; Communication of special
Aware their intervention and after- circumstances concerning sub products
wards; Department production to other departments; Comments re-
of tacit knowledge considers garding other departments in interde-
other departments partmental meeting minutes
. Departments worl§ tog.ethe_r to Sub products produced by two or more
Joined find some solutions; tacit
: o departments
knowledge is produced jointly
Departments have a history of
. working together to find solu- | Complex sub products produced by two
Appropriated A ;
tions; tacit knowledge is pro- or more departments
duced collectively

5 Application

To illustrate the application of the Tacit Knowledge Codification Scale, we present a
case involving a regional branch of an organization charged with the maintenance of
road infrastructure.

The case concerns the Maintenance Planning department charged with planning ma-
jor maintenance projects. The department needed information about the state of existing
products in order to predict maintenance measures. The information would be submit-
ted to an asset management system able to predict the degradation of road quality, al-
lowing for accurate planning of maintenance measures. This information was obtained
by on-site analysis, which is quite costly. A list of roughly ninety terms, each one rep-
resenting one road composition formula, was used by the asset management system to
create degradation scenarios. This list had been used in previous attempts to gather in-
formation from other departments, without success. With the mediation of an infor-
mation professional, it came to light that this list assumed a great deal of knowledge of
road composition, knowledge that seemed to be present only in the Maintenance Plan-
ning department. Indeed, after realizing that the list could be decomposed into combi-
nations of materials, quantities and order of application, the information professional
met with members of the Maintenance Planning team to discuss how to simplify the list
using more widely known terms.

Apart from the manager, other three members took part in the Maintenance Planning
team. One of the members had more than ten years of experience, another had roughly
four years of experience in the department and the last one had just recently joined the
team. The junior member indicated their lack of knowledge to help with the decompo-
sition of terms. The mid-career member was able to decompose about seventy percent
of the terms. The rest of the terms had to be decomposed with the help of the senior
member of the team. The document with the matrix connecting the original list terms
and a combination of entries of the second list — called road layers list — placed the tacit
knowledge of Planning regarding road composition in the Identified level of the Tacit
Knowledge Codification Scale (Table 2). The complexity of the knowledge involved
in road degradation analysis was keeping other departments from collaborating with



Planning. The codification effort vulgarized road composition terms into terms that
other departments could understand and relate information to. The document with the
matrix also served as an indicator of the tacit knowledge regarding road composition
concentration in the Maintenance Planning department.

In their quest to obtain road composition information, the Maintenance Planning de-
partment mapped where the information was present. It could be found in different or-
ganizational systems. In those systems, however, data was regrouped according to a
particular logic model and were available only a certain delay after construction. They
did not represent a solution for the Maintenance Planning department. At this point,
Maintenance Planning turned to departments closer to the conception of the product.
Because these departments intervened earlier in the product lifecycle of the product,
they were also closer to the production of the needed information.

Indeed, the data was first submitted to different systems by the Project Management
department. The Project Management department was however not the producer of the
data. The data was produced by external contractors and were provided to comply with
invoice payment requirements, which explained the particular logic used to regroup the
data. Maintenance Planning had acquired the understanding of the information flow in
the Project Management department, along with the challenges of obtaining this infor-
mation. Maintenance Planning understood why information was managed the way it
was in the Project Management department and also the correlation between that infor-
mation management and their own work. Interdepartmental meeting minutes and a di-
agram would be evidence of the Interrelated phase of the scale.

After this first contact, Maintenance Planning sought Project Management collabo-
ration to envision a way to obtain the information needed. Maintenance Planning used
the recently gained knowledge about how Project Management operated to produce a
form for data collection. The form was submitted to Project Management to request its
use by external contractors. The form was an evidence that Maintenance Planning had
reached the Aware stage in relation to Project Management regarding road composition
data.

The logic used to regroup data in the form and the form itself, as a tool, turned out
to be potentially convenient for Project Management for some of their own information
needs. For this reason, Project Management sought collaboration with Maintenance
Planning to include more data to be gathered in the form. The resulting form was only
possible because of the collaboration of both departments and would be an evidence of
the Joined level. The collaboration of the two departments was maybe still not a solid,
long-term one, but already a break from the work-in-silo paradigm. This collaboration
would indicate a greater readiness for a PLM initiative regarding road composition.

6 Discussion and Conclusions

As illustrated in the previous section, the application of the Tacit Knowledge Codifica-
tion Scale may show evidence of shared tacit knowledge and collaboration between
departments. The existence of shared tacit knowledge and collaboration between de-
partments is a good indicator of a PLM implementation with less organizational issues.



The scale does not replace maturity level assessments but may be an additional tool to
assess readiness for PLM implementation. PLM implementation may prove difficult if
departments do not understand the relationship between their work, knowledge, infor-
mation and data to those of other departments. In those cases, it might be more inter-
esting and cost-effective to implement knowledge management initiatives and cultur-
ally break the work-in-silo paradigm before designing a PLM support system, for ex-
ample.

Some questions regarding tacit knowledge integration still persist. For instance,
when assessing the tacit knowledge codification general stage of two departments, how
many documents would be needed to show evidence of a specific state? The answer to
this question should consider specialization and complexity of the tasks involved, as
well as turnover rates and availability of similarly talented workforce that can be hired.
Another issue is the identification of documents providing proof of existing tacit
knowledge or the joint production of tacit knowledge, for example. In organizations
where a team responsible for knowledge management exists, those professionals can
be charged with assessing the evidentiary value of documents produced. How can the
assessment of this evidence be explained so that smaller organizations can also appre-
ciate their tacit knowledge codification levels? An empirical validation of the theoreti-
cal exercise in this article would shed light on these topics and on characteristics of the
documents used to assess tacit knowledge codifications. An empirical validation would
pave the way for automation of the identification and analysis of these documents, pos-
sibly in large scale and should be the target of future research endeavors in this area.
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