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ABSTRACT 

The present paper documents the development and application of a Knowledge Management (KM) architecture and tool, 
customized to the specific needs within the Concurrent Engineering (CE) scenario. The paper gives an overview and update 
on the recent development work, executed for ESA’s Concurrent Design Facility (CDF). Here, a tailored KM system for the 
specific needs of the CE design process has been created. An in-depth investigation of the KM awareness within the CE-
environment and its participants marked the beginning of the research. The developed KM architecture is divided into four 
major sections: Capture, Organization, Distribution and Development of knowledge. Every section has several interface 
modules that are interacting with each other. In addition to these, the concept of a Knowledge Unit (KU) is introduced, 
where its different contents (e.g. documents, trade-off tables, mass summaries) are stored and linked with so-called 
metadata, which gives additional information. During a CE-session, engineers do not have the possibility to review 
extensive report-libraries regarding their relevant subsystem. Therefore, accessing knowledge needs to be straightforward. 
The challenging task to transfer tacit knowledge elements of CE studies, which are usually created during Round-Tables or 
Splinter-Meetings, requires new approaches in soft- and hardware support. The developed prototype software platform 
SPOCK (Software Platform for Organizing & Capturing Knowledge) helps to facilitate all aspects of capturing and 
distributing knowledge within the Concurrent Engineering environment.  
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INTRODUCTION  

Knowledge Management (KM) is a way to convey the right information to the right people at the right time, and 
helping people to create and share knowledge in a structured way [Holm, 2000]. In product design, it is essential to have 
expert knowledge readily available at all times, therefore the exploitation of knowledge capitalization is of paramount 
importance [Wolff, al. 2006]. Especially the capturing of expert knowledge and the re-use of this gathered knowledge 
for upcoming space mission design studies are major objectives for this project, funded by the European Space Agency 
(ESA). This knowledge capitalization project was carried out by the DLR Institute for Space Systems in Bremen, 
Germany in partnership with Turquoise Technology Solutions in Montreal, Canada. An outcome of this project is, in 
addition to several Knowledge Management (KM) analysis studies, the prototype software SPOCK (Software Platform 
for Organizing and Capturing Knowledge) as it was named for the Concurrent Engineering Facility (CEF) at DLR. The 
present paper gives a project status overview of the ongoing efforts in creating a customized knowledge capitalization 
system within the Concurrent Engineering (CE) environment.  
 

CONCURRENT ENGINEERING ENVIRONMENT 

Background 

Spacecraft design and operations are structured in several phases labeled as 0, A, B, C, D, E, F. Phase 0 consists of 
finding and discussing a new idea and assessing its feasibility. In Phase-A (concept phase) the first analyses as well as 
budgeting trade-offs are performed. Phases B to D cover the design, fabrication, assembly, integration, testing and 
launch of a spacecraft. Phase E covers operations of a spacecraft throughout its useful lifetime. Phase F is the final 
phase and it consists of the disposal of systems and analysis of data.  
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The Concurrent Engineering process is a very effective approach in order to work on Phase-A studies, where technical 
subsystems (domains) such as propulsion, data management, communication, thermal control system and structure are 
optimized and assembled just like the pieces of a complex puzzle. Depending on the spacecraft mission scenario there 
are up to 20 different expert domains [Henderson, 2002] in the CE environment. 
 
 

 
 

    
Fig. 1: Top: Schematic of the CEF main room with different subsystem positions; Bottom: Concurrent Engineering 

Facility (CEF) at DLR Bremen (main room);  
 

 

DLR's corresponding Concurrent Engineering Facility (CEF), which is based on ESA’s Concurrent Design Facility 
(CDF) at ESTEC, allows a team of space engineers and scientists from different disciplines to design space systems and 
missions on a study level in a very effective manner. On one hand, the CEF is used for system- as well as subsystem 
design of space transportation-, orbital- and exploration systems (see Figure 1). On the other hand, investigations 
concerning cost and technology evaluations are worked out in order to provide support for policy and programmatic 
decision making. These CE design facilities are equipped with the latest multimedia applications (e.g. Smart Boards, 
touch screens, videoconference systems, etc.) in order to support the complex nature of designing a spacecraft system 
[Schumann, et al. 2007].   

The Approach of Concurrent Engineering 

The Concurrent Engineering approach at CEF (DLR) and CDF (ESA) generally consist of the following five key 
elements, which are:  

 the Concurrent Engineering process, 

 the interdisciplinary team of experts, 

 the Excel-based Integrated Design Model (IDM), 

 the Concurrent Engineering Facility (CEF) and 

 the software and hardware infrastructure. 

The Concurrent Engineering process combines and optimises the advantages of conventional design processes . 
Furthermore, it allows an efficient way of data sharing between the integrated subsystems ensured by the attendance of 
all discipline specialists and the utilization of a common data handling tool. The CE process is based on a simultaneous 
design and has three main phases (see Figure 2) [Braukhane, et al. 2008].  
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Fig. 2: Concurrent Engineering Process with respect to Knowledge Management 

 
 

It starts with an Initiation & Preparation Phase (several weeks before the core study) with the definition of mission and 
system requirements, initial mission analysis and team finding. The core design team interacts with the customer in 
order to create a set of mission requirements and mission objectives. Then comes the Study Phase (one to three weeks) 
with all experts gathered together in the main design room. The Study Phase is moderated by a team leader who is 
responsible for direct communication between domain experts as well as for the strategy of the specific engineering 
sessions. Furthermore, the systems engineer as well as the space-specific subsystem position experts are involved in the 
process and attend the design sessions. Finally, the customer participates in the CE-process to monitor the compliance 
with his/her corresponding requirements and takes part in the decisions. Special experts and guests could join the team 
to give ad hoc contributions. This core phase is divided into several sessions, where the main design room and several 
splinter rooms are used for iteration meetings. The CE process ends with the final documentation as part of the study 
Post Processing Phase.  With the exception of some scattered debrief meetings, every expert writes his/her domain 
report during the Post Processing Phase, and these individual reports are incorporated into the final report of the CE 
study.   

The CE-process is supported by the Integrated Design Model (IDM) developed by ESA containing an interdisciplinary 
data structure [Henderson, 2002]. The Excel-based IDM represents the technical and mission specific parameters of a 
space system. Input-, calculation- and output sheets of the IDM subsystem workbooks ensure a structured data 
management. The different output data are shared by a central data exchange workbook. Furthermore, users are free to 
change, delete or add parameters for customizing their IDM working environment, related to the study-specific mission 
contents. 
  

KNOWLEDGE MANAGEMENT IN THE CE ENVIRONMENT 

As part of the CE design process, scientists and engineers create large amounts of knowledge. Corresponding data are 
only to some extent handled with respect to the transferability for following CE studies. As basis for a customized CE-
KM system the nature of knowledge and its awareness within the target group is analyzed.  
 

Different Types of Knowledge 

Wunram divides knowledge into two major types [Wunram, 2003]: 
 Explicit knowledge Any knowledge that can be described or depicted, stored on media and transmitted to 

others without loss of data or information is explicit knowledge, e.g. trade-off tables, pictures, diagrams and 
reports. 

 Tacit knowledge Any knowledge that can not be easily articulated, depicted or written down by the owner of 
the knowledge is tacit, such as procedures, processes and especially the expert’s experience. This type of 
knowledge is extremely hard to capture and to preserve, since it first has to be transformed into explicit 
knowledge in order to gain storability.   

Furthermore, Wunram describes the creation of knowledge in a pyramid structure (see Figure 3, left). Transforming 
unsorted signs by giving them a certain way of structure and syntax creates data. By interpretation of this data, 
information is created. This information, when correlated with other information packages or by setting it into a broader 
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context, transforms information into knowledge. This simple algorithm is helpful when explaining how knowledge is 
generated. The different types of knowledge can also be displayed in a so called knowledge cube. Here knowledge is 
categorized not only by tacit and explicit, but also in know-why, -how, and -what categories, as well as throughout the 
organisational structure of a group (individual, collective and external).  

 

     
Fig. 3: Left: Knowledge pyramid; Right: Knowledge classification framework (Knowledge Cube), [Wunram, 2003] 

 

 

KM Awareness in the CDF 

A successful customized KM system has to fulfil the special needs of the engineers during the design process. 
Therefore, a situation awareness analysis was performed to map out the different expert requirements and their 
willingness to share knowledge. The project team distributed a questionnaire among the CDF participants from all 
domains. The answers were collected and analysed. Although the total number of responses is rather low for an 
empirical analysis, it gave the development team a useful insight into the knowledge management awareness within the 
CDF. For example the questionnaire results reveal that the average CDF expert is 35.4 years old, has an average work 
experience of 10.6 years, and an average CDF study experience of 9.4 CE studies. The CDF participants were asked 
about their preferences of three important knowledge sources in order to prepare for upcoming studies. Reports, 
PowerPoint Presentations and Decisions/ Tradeoffs of former CE design studies were chosen as the most useful 
knowledge assets for study preparation (see Fig. 4, left). This finding is important for the overall KM architecture since 
it layouts the engineer’s focus of interest. Adding knowledge to the KM system brings up another very important 
aspect: time commitment of users for contributing knowledge. When asked about the acceptable time commitment for 
contributing knowledge, a vast majority of participants indicated preference for 10 and 30 minutes per session. The well 
defined CDF process gives the engineer already a lot to do and the time for supplementary tasks is sparse.  
 

   

Fig. 4: left: Most useful knowledge generated during previous studies & desired time commitment to future KM tool; 
Right: preference list of future CE KM system 

 

Fig. 4 (right) depicts the different desired features of a future KM system. The CDF participants were asked what kind 
of functionality is important for a CDF KM system. The overwhelming answer (with over 40 votes) was the attribute of 
good search function. The second most important attribute is fast access. Both attributes are important for accelerating 
the work process. Furthermore, if both are implemented successfully, the additional work of capturing knowledge, 
needed for the KM system, should be an acceptable trade-off between current and future productivity.  
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CONCURRENT ENGINEERING KM ARCHITECTURE 

System Overview 

The fundamental design of the SPOCK prototype (Software Platform for Organizing and Capturing Knowledge) is 
based on the same key elements used by NASA, JAXA and other technology intensive organizations [Teteshita, 2007 & 
2009], [Holm, 2002]. The four elements are: capture, organize, distribute and develop knowledge. These main elements 
of the knowledge system are linked in order to establish a feedback loop (see Figure 5, left). 
The capture section organizes the interface of the end user and the procedure to submit knowledge to the main KM 
system. The organize section stores and organizes the various content items in a semantic manner. The distribution 
section basically deals with the delivery of knowledge to the end user. Search functions are included in this section. The 
development section gives the engineer the possibility to alter the knowledge in the KM system as well as to enhance 
and add new knowledge into the existing knowledge.  
 

    

Fig. 5: Left: The four elements of the KM architecture for the CDF & CEF; Right: Overview of the Knowledge Unit 
(KU) 

 

In addition to these four sections, a fifth element is introduced: the Knowledge Unit (KU), which is placed in the center 
of the architecture as it is interacting with all other sections. The KU is the smallest unit in which knowledge can be 
stored. Every knowledge package that is uploaded to the system is stored in a KU. Instead of developing a method 
based on artificial intelligence to analyze available documents, the idea behind KU is to ask the submitter (in our case 
the domain engineer) to add information about the knowledge uploaded into the KM system. While conventional search 
engines usually require an exact keyword that can be found in a text-based document, 'information about information' 
(or metadata) categorizes a file to specify its general content (see Figure 5, right). The metadata also includes an 
individual thumbnail, which represents the KU and improves so the search functions by visual recognition.    
 
 

KM Architecture Elements 

Many different modules and interfaces are needed to enable the end user to interact with the main KM database in an 
efficient manner. Fulfilling the needs of the Concurrent Engineering environment brings its own set of challenges. The 
following software modules were especially designed for the CE environment. These modules help to capture not only 
explicit knowledge (such as documents and files), but also tacit knowledge, such as an expert’s relevant experience.  
 
 

Decision Change Capturing  

As described in section 2.2, the Excel-based IDM comprehends the basic technical parameters for each CE domain. 
During the design process, the conceptual design passes through several iterations, where different decisions are made. 
The Domain Advancement Diagram (DAD) helps record the decision process from iteration to iteration for each 
domain (see Figure 6).  
To enable this, DAD monitors whether or not new components were added to or removed from the spacecraft design. It 
also monitors the changes that were made to the different technical system features, such as changes made e.g. to 
component mass, temperature or power output. The design changes, related to a domain- and study-specific workbook, 
are saved as ‘History’ in an adapted Knowledge Unit (KU). The engineer can state reasons (comments) to these 
changes. These comments will improve the comprehensibility of the study's evolution, if and when they are accessed 
during future studies. Utilizing ‘Active Linking’ algorithms, every IDM iteration step can be associated with 
corresponding KUs (e.g. Trade-Offs, minutes of splinter meetings or calculation sheets). These add-on information 
packages complete the knowledge set of the iteration process for each domain.   
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Fig. 6: Domain Advancement Diagram (DAD) user interface mock-up 

 

Capturing Tacit Knowledge 

The design process and the communication between the engineers as well as the exchange of broader information 
context between different domains are mainly organized by PowerPoint presentations (next to the IDM parameter 
exchange system). PowerPoint presentations normally represent condensed knowledge with respect to the investigated 
concept / spacecraft. The Tacit Information Catcher (TIC) module was specially designed for the CE environment and 
helps capturing tacit knowledge. This development goes in line with similar innovations of other space organizations 
and companies e.g. United Space Alliance (USA) and ESA, ESOC [Zender, 2006], [Grabois, 2009], [Mugellesi-Dow, 
2009]. Using a camera, TIC records the presenting person and the corresponding PowerPoint presentation (e.g. final 
presentation, interim presentations or trade-off tables). The different presentation slides are indexed and combined with 
the video stream of the presenter, hence the expert’s know-how (e.g. spoken explanations to trade-off tables) is captured 
and the value of the regular PowerPoint file is enhanced.  
Present research efforts point out that in order to capture explicit and especially tacit know-how, it is useful to use and 
to experiment with new and state-of-the-art multimedia capture technologies [Holm, 2006]. Therefore, our system 
incorporates another tool for capturing tacit knowledge, especially during small group meetings: the Livescribe pen, 
which works on special dot paper and is able to digitalize notes and associate them with audio information, recorded 
while the notes were made [Livescribe, 2010]. The digitalized notes are also stored in a KU format within the KM 
system and are searchable by other users.    
 

Search Interface 

The search interface is the main interface in the distribution section and represents an essential module within the 
SPOCK prototype system. The search interface can be customized by the user, for example different search widgets can 
be included or deleted, similar to the iGoogle system [Wiki, 2010]. A search widget can perform a specific search 
request such as an ‘index’ search request within the main CDF study database. Furthermore, this search widget system 
allows connecting other external databases to SPOCK and even internet-based databases and encyclopedia such as 
Wikipedia or WolframAlpha can be connected directly to the system. This way the search interface offers holistic 
search capabilities while offering customization to the individual needs of each engineer (see Figure 7). The Graphical 
User Interface (GUI) of the search results is organized in a similar fashion as a regular internet search layout. A short 
summary describes each Knowledge Unit (KU) and displays the different Metadata, such as title, keywords, author, 
submission date, etc. The selected knowledge icon facilitates the recognition effect during the search procedure (see 
Figure 8). 
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  Fig. 7: Search widgets within the main search window of SPOCK  

 
 

Within the search interface, a special taxonomy filter, which represents the full data model of a CE study, is used to 
control the scope of a search by enabling the user to define on which category level the search shall be performed. In 
addition, several CDF specific search filters (e.g. by study, by domain) can be applied to the initial search request in 
order to narrow down the first search results. Also, a graphical tag cloud is used to arrange knowledge. Tag clouds can 
often be found on websites and are used to list tags or, more generally, words related to a specific topic. [Lohmann, et 
al. 2009] Depending on how often these words are requested by users, always in regard to the topic, their appearance is 
accentuated through font-size. 
  
 

 
  Fig. 8: Multiple KU Interface of SPOCK 

 
 

Once a single KU is selected by the domain expert, the KU can be altered in a manner that she/ he can submit user 
comments to each individual KU. With this simple comment and rating system the engineer can give knowledge feed-
backs into the KM system in order to enhance and improve the overall knowledge capability.  
 

Knowledge Icon 

Taxonomy filter

Tag Cloud

Different search filter

KU 

Internal search  
widgets 

External search  
widget 

List of available  
search widgets 
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KNOWLEDGE CAPITALIZATION IN THE CE PROCESS 

Next to the developed KM architecture a suitable capitalization strategy needs to be developed. Previous experience of 
various space agencies which implemented KM systems is an excellent point of departure for identifying potential 
problems and developing mitigation strategies. To this end, the KM systems implemented at NASA, ESA and JAXA 
were studied in detail. Some recurring lessons learned are summarized below based on the works of Holm et al. [2006], 
Dow-Mugellesi et al. [2009] and Tateshita [2009].  
 

 Successful implementation of a KM system requires cultural acceptance and strong links between the KM 
activities and the core needs and drivers for the organisation. 

 For the transfer of tacit knowledge, there are four main barriers: lack of time in day to day activities to transfer 
knowledge; very high performance expectations making it very difficult to admit mistakes and create learning 
opportunities; resistance to share knowledge with the belief that “knowledge is power” and it should remain 
exclusive; and communication barriers creating “knowledge silos” not interacting with each other within the 
same organization. 

 
Furthermore, the personal and social nature of knowledge should be taken into account. Understanding and nurturing 
the social context of knowledge sharing is essential for success. Thus, it is important to provide opportunities and 
incentives for personal interactions, through dedicated workshops, training sessions and other interactive means to 
create a social environment suitable for sharing knowledge. In some instances, the main barrier for collaboration is not 
technology, but the existing corporate culture which may hinder sharing knowledge. Thus, explicit and strong support 
from the leadership of an organisation is essential for connecting both technology and management related aspects of 
KM. Based on the questionnaire results, performed in the CDF, and the literature review conducted as part of this 
project, a number of recommendations were drafted and are summarized below. 
Mentorship and practice (learning by doing) are very highly rated as mechanisms for the transfer of tacit knowledge by 
the CDF participants. Especially the younger participants (less than 30 years of age) of the CDF show an overwhelming 
interest in these two activities. Both of these mechanisms are forms of socialization, and incorporating them into the 
evolving KM system at the CDF can be very beneficial. 
One of the most overlook aspects of KM implementation is the impact of “soft” issues such as the impact of corporate 
culture, leadership and other managerial issues. Implementation efforts are focused on specific IT problems, such as 
hardware and software integration. Without the commitment of the leadership, an organizational environment capable 
of change and extensive training and learning opportunities, the chances of successful KM capitalization are limited. 
Finally, exploring the applicability of non-financial incentive systems, such as creating opportunities for recognition of 
most productive contributors to the KM system, is recommended. These incentives can start as simple as establishing a 
“knowledge worker of the month” program, and incorporate other activities such as giving opportunities for 
presentations at workshops and conferences. 
 

OUTLOOK  

The SPOCK prototype platform still has room for improvements. Not all recommendations that were stated during the 
initial system analysis phase of the project could be implemented in the software prototype. Still, different semantic 
software modules such as the so-called ‘Amazon List’ will be implemented, where semantic knowledge algorithms 
speed up the overall search process.  
Also a customized Concurrent Engineering Wikipedia (Wiki) system is a desired feature for   future prototype upgrade 
developments. The time commitment for a growing Wiki system is significant, because full articles have to be written 
and interlinks between the different technical terms have to be drawn. An interweavement between different contents 
from the internet-based Wiki system and the CEF Wiki system is conceivable and will be examined further. Moreover, 
the managerial aspects of implementing and sustaining a KM system, outlined in this paper, will go on as part of the 
SPOCK platform and this effort is seen as an ongoing process. 
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