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ARTICLE INFO ABSTRACT

Keywords: The major challenges for most organizations that use roadmaps are to keep a roadmap alive.
Technology roadmap Under today’s fast-changing market and economic conditions, organizations have to effectively
TRM adjust themselves as the changes of internal and external environment always impact an orga-
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TRM status signal
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nization’s strategies and roadmaps. There is a clear interest from the management to know
whether their roadmaps are still valid to the changing situations or whether there is a need to
adjust their roadmaps. Therefore, it is important to assess the impacts of changes on the status of
a roadmap which will indicate whether a roadmap needs to be slightly adjusted, totally revised,
or just kept it unchanged. The management would also like to take proactive actions in mon-
itoring the status of a roadmap and calling for an immediate action to review or revise a roadmap
as major changes affect rather than waiting for the next periodical review schedule. This paper
proposes the conceptual framework to determine the status of a technology roadmap by evalu-
ating the impacts of changes from both internal and external environment.

1. Introduction

Technology roadmapping (TRM) is a strategic approach that allows organizations to link their technology strategies with their
business strategies (Groenveld, 1997; Nauda and Hall, 1991; Wells et al., 2004). Some organizations implement technology road-
mapping to support the visualization of their strategies and guide their operations or activities. Since 2000, several studies have been
taken to systemize the TRM development process as well as compare the cases of TRM implementation from different organizations to
see whether the implementation process can be standardized (Gerdsri, 2013).

The example structure of a product-technology roadmap (Fig. 1) is separated into two key dimensions. The first dimension is a
timeframe, which may incorporate short-term, medium-term and long-term viewpoints (Phaal and Muller, 2009). The time horizon
can be adjusted based on the speed with changes are introduced to the industry. However in general, a ten-year time horizon is
considered to be appropriate for many organizations (Phaal and Muller, 2009). The second dimension is consisted of multi-layers,
which addresses critical components to be analyzed in the roadmap development. As shown in Fig. 1, the layer of business drivers is
regarded as the “external” factors. These external factors indicate the reason WHY any particular market opportunities should be
considered as a focal point of a roadmap. The product development layer indicates WHAT targets of market opportunities an or-
ganization should plan to achieve within the specified timeline. To complete the product development, an organization may require
to prepare for technology development as well as R&D activities. The layers of technology development and R&D program are
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Fig. 1. The example structure of a product-technology roadmap.

regarded as the “internal” factors which indicate HOW an organization should plan, prepare, and execute actions in order to achieve
the strategic focal points as specified on a roadmap. Thus, the technology roadmapping approach helps address the abovementioned
issues by answering the fundamental management questions like what, why and how. The components in each layer can also be
customized according to the intended use (objectives) of each roadmap.

As the current global environment becomes more complex, organizational managers have to face with many complicated chal-
lenges. Challenges may result from several causes including rapid changes from internal factors (e.g., technology development,
Research and Development programs) and/or external factors (e.g., business drivers, market opportunities). Once the changes in any
of these factors (internal/external factors) occur, it may impact the strategic targets of a roadmap. If the impacts are significant
enough, a roadmap should then be adjusted or totally revised to align with the changing situations. Otherwise, a roadmap could
become obsolete.

As shown in Fig. 1, the changes of external drivers; D; and/or D5, would affect the market opportunity; M;. If the changes of D;
and/or D, turn out to be more severe than the initial anticipation, then it would cause market opportunity M; to be materialized
sooner. Therefore, an organization should consider to revise its roadmap to set the target of M; sooner; otherwise, an organization
will miss this opportunity. The same way of thinking is also applied if the changes of D; and/or D, turn out to be less severe than the
initial anticipation. An organization can consider to push out the target of M; so that an organization would not end up in a pre-
mature market.

The changes of internal factors also affect a roadmap. For example, product P; is a product that an organization initially plans to
capture the market opportunity M; at the time of tg. And technology T; is a new technology that is required to develop product P;.
Technology T; can be developed either from within or outside a firm; however the development of T; has to be finished by the time of
te in order to start the development of product P;. If technology T; is not ready by the time of ts, the delay in the development of
product P; may occur. As a result, P; may be ready and able to launch to the market later than the initial schedule of tg. For instance,
if product development of P; finishes at the time of t;, this leads to the loss of market opportunities M; which P; intends to capture.
In this situation, the delay of the technology development impacts the strategic focal point of a roadmap. Therefore, the strategy and
roadmap need to be constantly reviewed and updated to reflect the actual situation.

On the other hand, if the development of technology T; finishes sooner than the targeted schedule of ts, the development of
product P; can start earlier than the specified time of t. The product development of P, may finish prior the targeted strategic time of
tg. As a result, P; would end up being too early for the market opportunity M;. The managers should, in this case, review and revise
their strategies either trying to slow down the product development to wait for the market opportunity to arise or trying to put more
efforts in developing the new market opportunity so that the market can be materialized sooner. The updated version of a roadmap
should be communicated to all related stakeholders. This is to ensure that the updated plan on a roadmap is acknowledged by every
related team.

In brief, the changes in both external drivers and internal factors can impact the status of a roadmap. It is important for a firm to
assess whether the changes are significant enough that an updated version of a roadmap is required. Some researchers have addressed
the challenge of keeping the roadmapping process alive by proposing the operation guideline to periodically update and review
technology roadmaps (Brown and O'Hare, 2001; Phaal et al., 2001a, 2001b, 2005; Wells et al., 2004; Holmes and Ferrill, 2008; Phaal
and Muller, 2009; Gerdsri, 2013). However, under today’s fast changing business environments and the emergence of breakthrough
technologies, the periodic review may not be proactive enough in monitoring the status of a roadmap and allowing the management
to make a timely decision to revise their roadmap. Also, when an organization conducts the unnecessarily updates of a roadmap, it
leads to the extra costs for an organization.

Assessing the status of a roadmap in a systematic approach can help the management come to the conclusion in a transparent way
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whether a current roadmap needs to be just updated or totally revised. Also, as the assessment scheme (level of importance or the
tolerance limit on the changes) is set based on the agreement from key stakeholders before a roadmap is taken into action, the case of
misrepresentation and bias on the impacts of changes from external and internal environment can be reduced.

By applying a systematic approach, it would be benefit to TRM practitioners not only to conduct roadmapping at a large scale but
also to support the management’s interests in turning a traditional roadmap to be more computerized with data-driven and real-time
reflection to any changing condition.

This paper attempts to propose the conceptual framework to assess the status of a technology roadmap by evaluating the impacts
of changes from both internal and external environment. The proposed framework can help the management to take proactive actions
in monitoring the status of a roadmap and calling for an immediate action to review or revise a roadmap rather than waiting for the
next periodical review schedule. The result of status assessment would also help the management to make a proper decision whether
a roadmap needs to be slightly adjusted, totally revised, or just kept it unchanged.

2. Literature review
2.1. Current approaches in TRM development

There are three approaches commonly used to develop a roadmap (i.e., expert-based approach, computer-based approach and
hybrid approach) (Kostoff and Schaller, 2001). The expert-based approach requires a group or groups of experts to develop roadmaps
by identifying the nodes, links and structural relationships within the network of a roadmap. The computer-based approach uses
computer analysis as the means to develop a roadmap by analyzing textual databases related to technology, science, engineering and
products. The databases can be referred to the collection of published papers, letters or reports. Through this method, all critical
components (e.g. technology, research, product areas and engineering) and their structural relationships should be identified. The
hybrid approach is a combination of the expert-based and computer-based approaches. The advantage of this approach comes from
diminishing the limitations of these two approaches. As a result, the subjectivity from the expert-based approach is reduced while the
interaction among experts still remains.

In general, the approach for TRM development is an expert-based approach organized through a series of workshop facilitated by
TRM experts (Phaal et al., 2007, 2001a, 2001b). During a series of workshop, the process of TRM development is designed through
iterative steps focusing on the details gained from each iteration (Phaal et al., 2005; Phaal and Muller, 2009; Wells et al., 2004). The
process requires the involvement of cross-functional teams including staffs from different levels of an organization (Kostoff and
Schaller, 2001; Phaal et al., 2003a). Since the success of TRM development highly depends on individuals’ ability to innovate, share
information, and justify decisions, it is important to assure that the process is properly customized to match with an organization’s
vision. Moreover, the sufficient level of knowledge is provided in the process (Gerdsri et al., 2010; Kostoff and Schaller, 2001; Phaal
et al., 2004a).

The following are examples of different approaches and processes applied to develop a roadmap. Sandia National Laboratories
designed its TRM development process in seven steps to focus on identifying drivers and requirements for choosing technology
alternatives (Garcia and Bray, 1997). Philips Electronics comprehended a TRM process that develops their approach around scenario
planning and information sharing (Groenveld, 1997). The expert-based approach (workshop) and a computer-based approach that
use the methods of bibliometric and patent analysis are mentioned by Kostoff and Schaller (2001). Phaal et al. (2003a, 2003b) has
developed the T-Plan process to support product planning by proposing an option to fast-start the roadmap implementation process.
Dissel et al. (2006) developed upon the T-Plan process and creates a value roadmapping process that determines value streams of a
firm to allocate resources to projects properly. Gerdsri (2007) proposed the process called technology development envelop (TDE) to
develop a roadmap for emerging technologies.

2.2. TRM implementation

Many scholars have addressed several challenges throughout the different stages of TRM implementation. Fig. 2 presents the
summary of key challenges in each stages of TRM implementation.

In the initiation stage, an organization may encounter challenges in defining an organization’s objective for TRM implementation
(Gerdsri et al., 2009), ensuring commitment from senior management (Groenveld, 1997, 2007; Kappel, 2001; Kostoff and Schaller,
2001; McMillan, 2003), and choosing the right key players from different teams to engage in TRM implementation (Brown and
O'Hare, 2001; Gerdsri et al., 2009).

In the development stage, the challenges are in selecting and customizing a proper TRM approach to fit with an organization’s
objective (Brown and O'Hare, 2001; Fleury et al., 2006; Lee and Park, 2005; Phaal et al., 2003b; Phaal et al., 2001a, 2001b; Phaal
et al., 2004b). Even though an organization has agreed with a suitable TRM process as it has been customized, the design and
arrangement of TRM workshops for sharing the required knowledge during the process of TRM development is still proven to be
challenging (Gerdsri et al., 2009; Kerr et al., 2012; Phaal et al., 2007). The quality of inputs and innovative ideas shared by workshop
participants is also important (Brown and O'Hare, 2001; Li and Kameoka, 2003; McCarthy, 2003). Especially, analyzing the future
trend may be quite challenging due to the unavailability of data for emerging technologies or market dynamics (Gerdsri, 2007;
Strauss and Radnor, 2004; Vojak and Chambers, 2004).

In the integration stage, it is vital to ensure the sustainability of TRM implementation by integrating the TRM process into an
organization’s current business operation (Farrukh et al., 2001; Gerdsri et al., 2009; Groenveld, 1997, 2007; Phaal et al., 2004a; Phaal
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Stages of a TRM Implementation Process
Initiation Development Integration

Objectives
Introducing TRM to an Launching a full-scale TRM Integrate a TRM progcess into
organization implementation ongoing operations

Measure of Success

¥ Acceptance by key stakeholders ¥ Content quality of a roadmap ¥ Link between a roadmap and

¥ Development of a customized ¥ Knowledge sharing among strategic plan
process participants ¥ Continuity of the TRM process

Key Challenges
% Starting-up and Buy-in problem * Facilitating TRM workshops % Integrating a TRM process into
* Selecting key-players * Ensuring quality inputs existing operations
% Forming proper teams for a TRM % Limited data availability for new * Resisting a TRM process
implementation and emerging technologies or key implementation
% Customizing the TRM process drivers % Maintaining and updating a
% Selecting the TRM architecture roadmap

Fig. 2. Key challenges of each stages of TRM implementation (Gerdsri et al., 2013).

et al., 2001a, 2001b, 2005; Rinne and Gerdsri, 2003; Strauss and Radnor, 2004). An organization may encounter some resistance
from staffs as an organization attempt to integrate roadmapping into an on-going business process. This issue could result in changes
in an organization’s culture and structure in which it can be managed by using change management techniques (Cosner et al., 2007;
Gerdsri et al., 2010; McMillan, 2003; Waddell and Sohal, 1998). Moreover, there are challenges in maintaining and updating a
roadmap to reflect any changes in key external and internal factors (Kappel, 2001; Kostoff and Schaller, 2001; Strauss and Radnor,
2004).

2.3. Challenges in maintaining and updating roadmaps

Keeping a roadmap alive seems to be a major challenge for many firms (Brown and O'Hare, 2001; Phaal et al., 2001a, 2001b,
2005; Phaal and Muller, 2009; Vatananan and Gerdsri, 2012; Wells et al., 2004, Strauss and Radnor, 2004). One reason is that a
roadmap itself reflects only a snapshot of an organization’s strategic plan including information up to the point when the roadmap
was developed. However, an organization is always exposed to changes in its internal and external environment, which have different
effects on a roadmap.

To keep a roadmap alive, an organization has to constantly review and update its roadmap. Few studies propose that the schedule
of roadmap maintenance should be set (Holmes and Ferrill, 2008). For example, the roadmap is set to be reviewed every six months.
However, this practice may sometimes result in the ambiguity of whether the original set period is the right timing to update a
roadmap, especially when the time of tight business competition as well as disruption from new technology and market development.
To be effective, a firm has to monitor the changes on these drivers that may affect the state of their roadmap and thus their strategic
plan.

3. Proposed framework
3.1. Status of a roadmap and its signaling

Once a roadmap is implemented, a TRM operation team is responsible for monitoring the status of a roadmap. The status of a
roadmap is determined based on the impact assessment of changes from both external and internal factors on a roadmap. The status
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Table 1
Description of a Roadmap Status and Managerial Implications.

Status Color code Managerial Implications

“Maintain” o .oo0 ‘ Changes from both external and internal factors are still within the acceptable range and there is no impact or minor impact on a
roadmap. Therefore, a roadmap can still stay as it is without revision.

Changes from both external and internal factors have impacts to a certain extent on a roadmap. Therefore, there should be some

minor amendments on a roadmap.

“Revise” Red . Changes from both external and internal factors are severe and have critical impacts on a roadmap. It causes a roadmap to be
invalid. Therefore, there should be some major amendments on a roadmap.

“Adjust” Yellow

signal of a roadmap indicates whether a roadmap is still usable or it is required to be updated. If the assessment results indicate that
the roadmap is not usable, the major revision of a roadmap must be implemented. If the roadmap is still usable but need to be
adjusted, the minor adjustment of a roadmap is then required. If the roadmap is not impacted from the changes, the roadmap can
maintain as it is. Therefore, the definition of the status of a technology roadmap in this study is described in Table 1 along with the
different color codes; red, yellow, and green, as shown below.

3.2. Managerial procedure for monitoring the status of a roadmap and making decisions to review a roadmap

A roadmap is a snapshot at the time of its development. However, the changes from external and/or internal factors could possibly
occur after the development of a roadmap is completed. As aforementioned, the changes to certain degrees from these factors can
impact the initial plan on a roadmap. An organization should monitor the changes of these factors and then evaluate whether the
changing situation has impacted the targets/strategic focal points of a roadmap.

It is important for an organization to have a certain managerial procedure for monitoring the status of a roadmap. The me-
chanisms for data collection and analysis should also be defined to track changes and evaluate the impacts of changes from both
external and internal factors on a roadmap. Once the impacts from the changes have gone beyond the acceptable level of an or-
ganization, a roadmap should then be considered to make an amendment. In this study, the managerial procedure is proposed in five
steps as shown in Fig. 3.

The first step is to apply a roadmap after it has been developed. All involved people can refer to a roadmap and use it as
checkpoints at each key milestone. Some involved teams can also manage their operation in accordance with the plan and timeline
initially set on a roadmap. Thus, the plan which identified on a roadmap should be clearly communicated to all stakeholders. This
would help ensure the achievement of the strategic targets within a specified timeline identified on a roadmap.

15t Step:
Applying Roadmap

5th Step:

nd -

Management \/i tStteq.

Decision Making 11 oni olrllrng
Maintaining/Updating nternal Factors

a Roadmap + External Factors

4th Step:
Generating TRM

Status Signal
Green
Yellow
Red

3rd Step:
Assessing

Assessing the impacts of changes
from both internal and external
factors on a roadmap

Fig. 3. The conceptual framework to assess the TRM status signal by considering the impacts of changes from both internal and external factors.
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Fig. 4. Roles and interaction between the management and TRM operation team in monitoring the status of a roadmap and making decisions to review a roadmap.

The second step is to monitor the changes from both internal and external factors as specified on a roadmap. The components of
external factors can be considered from social, technology, economic, environmental, policy, whereas internal factors can be con-
sidered from the progress of technology development.

The third step is to assess the impacts of changes on a roadmap. As the changes from the external and/or internal factors have
already been notified, the identified changes will be used in this step to evaluate the impacts of the changes on a roadmap. Different
organizations have different perception on the impacts of the changes. Some organizations are sensitive to the changes while the
others are not. Therefore, this step is defined based on the perception of the organization.

The fourth step is to generate the TRM status signal. After evaluating the impacts of changes from both internal and external
factors, the TRM status signal can be generated and visualized in the form of color-coded signals; red, yellow, and green. The meaning
of each status signal is already discussed in Section 3.1.

The fifth step is the step which management makes a final decision whether a roadmap needs to be slightly adjusted, totally
revised, or just kept it unchanged.

Throughout this procedure, the TRM operation team is responsible to monitor the changes of external and internal factors and
then assess the impact of changing conditions on a roadmap. If the changes are more severe than the initial anticipation, the TRM
status signal will indicate that a roadmap needs to be updated or totally revised. The TRM operation team has to inform the man-
agement team. The management will review their business contexts and decide whether they would follow the suggested TRM status
signal. If so, then the management has to communicate their new vision and strategy to the TRM operation team.

The TRM operation team will take action to engage involved parties to review a roadmap. Once a roadmap has been revised, the
updated version of a roadmap should be communicated again to all related stakeholders. Then, the stakeholders can brush up their
plan and manage their operation in accordance with the updated roadmap. Fig. 4 presents the roles and interaction between the
management team and TRM operation team in monitoring the status of a roadmap and making decisions to review a roadmap.

3.3. Conceptual framework

The conceptual framework has been developed to monitor the changes from both external and internal factors and assess the
impacts from those changes on the status of a roadmap. The degree of impacts is pre-determined to reflect the management’s
perception on how much changes can be accepted. Three levels of impacts; revise, adjust, maintain, are defined as described in
Section 3.1. The tolerance intervals associated with each level of impact are also determined. The status assessment of a roadmap is
executed by analyzing the deviation between the actual and the predetermined baseline values at the measurement level of the
evaluation models. Then, the changes are compared with the tolerance intervals to determine the degree of impact.

Fig. 5 demonstrates the proposed framework. The upper evaluation model is used to determine the impacts from changes in
external factors; particularly the changes in key drivers, on a roadmap status. The lower evaluation model is used to determine the
impacts from changes in internal factors; particularly the changes in technology development progress, on the status of a roadmap.
The result obtained from the evaluation models will be calculated to determine the status of a roadmap. The TRM status signal will
then be generated in green, yellow or red status.

3.3.1. Assessing the impacts on the changes of external drivers
This section presents the conceptual framework using analytical approach to construct and operate an evaluation model that can
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Fig. 5. Conceptual Framework to Assess the Impacts of Changes on the Status of a Roadmap.

assess the impact of changes from the external business environment on the current status of a roadmap. The objective of the model is
to determine the status of the organization’s roadmap by analyzing changes in key drivers and their collective effect on the roadmap.

3.3.1.1. Development of an evaluation model. The key drivers affecting the changes on the status of a roadmap are identified. Each key
driver is also broken down into sub-drivers in which their changes can be measured directly. Fig. 6 shows the hierarchical structure of
key drivers and sub-drivers analyzed in the evaluation model.

Level 1-Model Objective: The top level of the evaluation model represents the overall objective of the model, which is to analyze
the effect of changes in key drivers on an organization’s roadmap to determine its current status.

Level 2-Key Drivers: The key drivers (KD;) are identified to reflect the organization’s external business environment. The relative
importance (w;) of each key driver with respect to an organization’s objective is determined. The value of w; represents the intensity,
with which a key driver affects an organization’s strategy. However, an organization’s environment is composed of numerous key
drivers that can influence its operations and strategic plan. As a part of the roadmap development, it might be unpractical if not
impossible to include all of the organization’s key drivers. Therefore, only the most influential key drivers of an organization’s
environment are considered for the evaluation model.

Level 3-Sub-Drivers: A set of sub-drivers (SDj) is identified and their relative importance (wy) with respect to the key driver (i) is
determined. Next, a unit of measurement is set for each sub-driver measurement value (m;;) together with a data source to support the
measurement. Now, for each SDy; experts need to define the tolerance limits and intervals of the measurement values, to specify the
various degree of impact from a change in these measurements as shown in Fig. 7. The baseline value (my,s.) of each sub-driver is
specified as the assumption in the roadmap development. The tolerance intervals are defined by the management to classify for the
level of impact x(m;;) on any changes (my) from the baseline value (mpase).

3.3.1.2. Computational model. As a part of assessing the current state of a roadmap, changes in the organization’s external factors; key
drivers (KD;) and sub-drivers (SDj), are tracked. The baseline values (mpase) and tolerance limits for each measurable sub-driver are
determined. The level of impact x(m;;) from such a change is assessed by analyzing the deviation of the sub-driver measurement
values (my;) from their baseline values (mpase)-

As a result the computational model produces the TRM status signal (Strm) as shown in Eq. (1), which serves as an indicator for
the current state of a roadmap.
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where:

wi:Relative importance of key driver (i) with respect to the objective.

wy:Relative importance of sub-driver (j) associated with key driver ().

my:Measurement value of sub-driver (j) associated with key driver (7).

x(m;):A signal representing an integer value (x(m;) = [0,1, 2]) to indicate the level of impact from a change in the measurement
value m; on a roadmap for the sub-driver (j) under key driver ().

x(m;) = 0: Changes in m; have little or no impact.

x(my) = 1: Changes in m; have a moderate impact

x(m;) =J2: Changes in m; have a major impact

Skp; = Z x(my;)-w;:A collective signal (Skp;) indicating the status of measurement values for all sub-criteria j (i.e. sub-driver

j=1
(SD))) under the criterion i (i.e. key driver (KD)).
Skpi: Key driver status signal
IJ

Strv = Z Z [x (my)-wy]-w; : A collective signal indicating the overall status of a roadmap.
i=1 j=1
Strv: TRM status signal

3.3.1.3. Model measurement and operation. During the model construction process, a team of experts determines a unit of
measurement for each sub-driver and a source of information to obtain the measurement value (m;;). The team also defines a
baseline value (my,se) for each sub-driver measurement. The my, value reflects the status quo of a sub-driver at the time when the
roadmap was developed. A roadmap can be maintained in its present state as long as there is no change in the baseline values. Any
change in the baseline value reflects a deviation from the strategic plan represented by a current roadmap. For example, an
organization needs to adjust or revise their strategy when a negative change in their sub-drivers threatens their overall strategic plan.
On the other hand, a positive change can offer an unexpected opportunity and an organization should prepare itself to exploit this
windfall by adjusting or revising their strategic plan. Once m;; deviates from my,. the level of impact for that change is determined.
According to the evaluation model an integer value x(m;;) = [0,1, 2] is assigned to my;. The integer value x(m;;) reflects the level of
impact from a change in my,s and is determined by predefined tolerance intervals. The collective results on the impact of changes
from all drivers accounted with the relative importance of each sub-driver are calculated to represent the status signal of a roadmap
(Strm) as shown in Eq. (1).

3.3.2. Assessing the impacts on the changes of internal factors

This section presents the conceptual framework using technology readiness level (TRL) to construct and operate an evaluation
model that can assess the impact of changes from internal factors; particularly from the technology development progress. As
aforementioned, the changes in technology development progress either delay or ahead of the desired progress can impact the timing
of strategic targets specified on a roadmap. The objective of the model is to determine the status of the organization’s roadmap by
analyzing the impact of changes in technology development progress on the roadmap.

3.3.2.1. Development of an evaluation model. The development of one product can be broken down into the level of systems and
technology components. The status of product development at any given time is depended on the completion of technology
components of each system. Therefore the status of product development specified on a roadmap is determined as an aggregate on the
development progress of all technology components. Fig. 8 shows the hierarchical structure of systems and technology components
required for the completion of product development specified on a roadmap.

Level 1-Model Objective: The top level of the evaluation model represents the overall objective of the model, which is to analyze
the effect of changes in technology development progress on an organization’s roadmap to determine its current status.

Level 2-Systems: This level represents all systems required as a part of the targeted product. The development of these systems is
set to complete within the specified timeline on a roadmap.

Level 3-Technology components: This level represents technology components needed to be developed as a part of each system
specified at Level 2.
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Fig. 8. Hierarchical structure of an evaluation model for assessing TRM status signal.

The development of each technology component is not always equally important. The level of technology readiness of some
technology components may be close to the desired level as targeted on a roadmap. In this case, the development of these components
may not so critical comparing to the development of some other technology components in which more development are needed to be
done before meeting the desired level.

3.3.2.2. Computational model. A unit of measurement on the actual development progress for each technology component is
considered in TRL scales. TRL concept was introduced by National Aeronautics and Space Administration (NASA) in mid 1970s and
widely adopted by industry over the past 10 years (Mankins, 2009). The TRL scales range from 1 to 9. TRL1 is the level of pure
research which the basic principles are observed and reported while the TRL9 is the level that an actual system is successfully
operated. Fig. 9a provides the overview of the technology readiness level scales. There is a tool that can be used to measure
Technology Readiness Levels called ‘TRL calculator’. It is designed in the form of Microsoft Excel Spreadsheet and can be used to
evaluate the development of both software and hardware technology. The calculator would provide sets of questions for the user and
employ the answer gained to calculate the result on the level of TRL (Altunok and Cakmak, 2010; Nolte et al., 2003; Technology
Readiness Assessment Guide, 2011). Fig. 9b provides the example of TRL calculator.

As aforementioned, the TRL calculator is applied as a tool to measure the actual development progress of a technology component
at current milestone. The level of importance on the development of each technology component is taken into account to consolidate
the actual development progress of all technology components in order to calculate the actual development progress for a system. The
actual development progress of a system gives management the overview on the status of the development progress of a system at
current milestone.

b)

- TRLS Actual system “proven” through successful system
= and/or mission operations a [% Complete is | H |
) _— TRLS Actual system completed and :qualified” through test |« "0";3:: a5 I 8 I i 8 U I
;"'; :{\;::;" - L & demonstration (in the operational environment
System p yP in the Level of Knowledge - Check all that apply or use slider for % complete
operational environment [ _[Know what software needs o do in general terms
System, model or p yp Have some concept in mind that may be realizable in software
demonstration in a relevant environment (Ground or [Have an idea that captures the basic principles of a possible algorithm
Space) > Initial analysis shows what major functions need to be done in software
P and/or n > [ [initial analysis gives some idea of what software architecture will look like
environment Analysis provides detailed of specific functions software needs to perform
|Outline of software algorithms available
C and/or d in < » []_{Know what software is presently available that does similar task (Inventory completed)
‘laboratory” environment 4 » LI JKnow limitations of presently available software (Analysis of current software completed;
Anak " LJ_|Know what hardware software will be hosted on
.M_ e t_'m(‘l wndfor L] |Know what output devices are available
L] > L] [inventory of external interfaces
Technology concept and/or ] » Analysis of intemal interface requirements completed
4 » Analysis of timing constraints
BuSiC yrincyias chosivad tnd régeried . ¥[[__[[]_|Analysis of data requirements and formats completed
< » L] |Analysis of database structures and interfaces completed
4 » L] |Extemal interfaces described as to source, format, structure, content, and method of support

Fig. 9. (a) Tahe overview of the TRL scale (Mankins, 2009); (b): Example of TRL calculator (Nolte et al., 2003).
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The desired development progress of each technology component at different milestone is pre-identified during the planning
stage. To calculate the desired development progress for a system, the desired development progress of all technology components are
consolidated with the consideration of the level of importance on the development of those technology components to the completion
of the system. The desired development progress of a system gives management the overview on the progress projection of a system at
each milestone.

Changes in the development progress of a system are calculated based on the deviation between the actual and desired devel-
opment progress of a system at the time of assessment. The degree of impacts from changes is pre-determined to reflect how much the
management can tolerate to changes in development progress before considering to adjust or revise status of a roadmap. There are
four equations which would be used in the computational part of the evaluation model to assess the TRM status signal. The four
equations are shown below;

. Equation to compute the progress (actual and desired development progress) of the system i (TRL;).
. Equation to compute the changes in development progress of the system i (ATRL;).

. Equation to compute the development status of the system i (S;).

. Equation to compute the status of a technology roadmap (Str)-

A WN

To calculate the development progress (actual/desired development progress) of a system by using TRL scales, the development
progress of all technology components are consolidated with the consideration of the level of importance on the development of those
technology components to the completion of a system. Therefore, the level of technology readiness on the development progress of
the system i (TRL;) can be computed from:

Ni
TRL; = Z wyjtrl;
j=1 (2)

Where:

i = index of systems

j = index of technology components

trl;; = the level of technology readiness on the development progress of technology component j belong to the system i

N; = the number of technology components belong to the system i

w;; = the relative importance on the development of technology component j with respect to the completion of system i

The Eq. (2) is used at the model development stage to construct a progress projection curve for a system by consolidating the progress
projection curve of all technology components with the consideration of the level of importance on the development of those
technology components to the completion of the system. The progress projection curve for a system represents the projection on the
development progress of a system at different milestone.

In addition, Eq. (2) will also be applied at the model operation stage to evaluate the actual level of technology readiness on the
development progress of a system by consolidating the actual level of technology readiness on the development progress of all
technology components with the consideration of the level of importance on the development of those technology components to the
completion of the system.

In brief, Eq. (2) can be applied for the computation of the desired development progress for a system at the model development
(planning) stage as well as the actual development progress for a system at the model operation (monitoring) stage. Therefore, the
desired progress and actual progress on the development of a system i which represented by TRL can be computed from Eq. (2.1) and
(2.2) respectively.

N;
desired TRL; = Z w;j-desired trl;;
j=1 2.1)
N
actual TRL; = Z w;jactual trl;
j=1 (2.2)

Where:

i = index of systems

j = index of technology components

desired TRL; = the desired level of technology readiness on the development progress of system i

desired trl;j = the desired level of technology readiness on the development progress of technology component j belong to the
system i.

actual TRL; = the actual level of technology readiness on the development progress of system i

actual trl;; = the actual level of technology readiness on the development progress of technology component j belong to the
system i

N; = the number of technology components belong to the system i

w;; = the relative importance on the development of technology component j with respect to the completion of system i

To determine the changes in development progress of a system, the difference between the actual development progress and
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desired development progress of the system at the measuring milestone is considered. The comparison between the actual
progress(actualTRL;) and the desired progress (desiredTRL;) reveals whether the current development progress of a system i is delayed
or ahead of the strategic timeline identified on the technology roadmap by how far. The changes in development progress of the
system i (ATRL;)can be computed from:

ATRL; = actual TRL; — desired TRL;; 3

Where:

actual TRL; = the actual level of technology readiness on the development progress of system i

desired TRL; = the desired level of technology readiness on the development progress of system i

Note that the ATRL; with negative values indicate that the current development progress of the system i is less than the desired
development progress which means that the development of the system i is currently delayed. While the ATRL; with positive values
indicate the current development progress of the system is more than the desired development progress which means that the de-
velopment of the system i is currently ahead of the targeted timeline. Eq. (3) is used at the model operation stage to determine the level
of changes in development progress of a system at current milestone. The the development status of the system i (S;) would be
represented by integer value as following;

Maintain Status (green signal) = 0

Adjust Status (yellow signal) = 1

Revise Status (red signal) = 2

The development status of the system i (S;) can be computed from:

0, if—c < ATRL; < a;
S;(ATRL;) = {1, if—d < ATRL; < — ¢, ora < ATRL; < b;
2, if-2 < ATRL; < — d, orb < ATRL; < 2; 4

Where ATRL,; is the changes in development progress of system i, and S; = 0 indicates a “maintain” status, S; = 1 indicates an “adjust”
status and S; = 2 indicates a “revise” status. While a, b, —c and -d are the points of tolerance intervals (Fig. 10) which represents how
much an organization can tolerate to changes in development progress before the development status is changed to adjust or revise
status.

Since a targeted product identified on a technology roadmap can be comprised of more than one system, status of a technology
roadmap (Stry) is derived from the development status of the system (S;, i = 1,2,...,m) which has maximum integer value of the
development status. This is because all systems are part of the targeted product. The maximum integer value on the development
status of a system reflects the most severe development situation of the targeted product for the management to be aware of.
However, the management can also track back to understand the development status of any system belong to the targeted product if
they are interested to.

With the rationale previously explained, the status of a technology roadmap (Stry) can therefore be computed from:

Strv = max(Sy, Sz, ...,Sm); ©

Where:

sl, s2, ..., sm are the statuses of the system 1, 2,..., m respectively.

m = The number of systems belong to the targeted product

Note that Eq. (5) would be applied in the final step of model operation stage in order to determine the current status of a technology
roadmap once the development status of all systems have already been determined.

3.3.2.3. Model measurement and operation. Technology manager is collaborated with technology development team to monitor the
actual development progress of each technology component. The technology developers use the TRL calculator to assess the actual
development progress of a technology component. Experts of an organization then determine the level of importance on the
development of each technology component to the completion of a system.

To assess the changes in technology development progress at a system level, the difference between the actual and desired
development progress of a system is calculated. For example, the desired development progress of a system should achieve TRL7 at
current milestone; however, the actual development progress of a system at current milestone is only at TRL 6. The development
progress of a system is currently delayed by 1 level of TRL. Therefore, the changes in development progress would indicate not only
whether the current development progress is delay or ahead of the desired plan but also by how far. Once the changes in development
progress of a system are determined, the impact of changes on the status of a roadmap is then needed to be evaluated. The experts of
an organization would determine the tolerance intervals which represent how much an organization can tolerate to changes in

. : > ATRL
30 - 0 a b 2.0
e —
| |

Fig. 10. Tolerance intervals indicating how much an organization can tolerate to changes in development progress.
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Fig. 11. Evaluation model to determine the current status of a technology roadmap with the consideration of the impacts of changes in technology development
progress (i.e., internal factor).

development progress before the status is changed to adjust or revise status. The tolerance intervals are separated into three intervals
of maintain (green), adjust (yellow) and revise (red) interval. If the changes in development progress are little and occur within the
maintain (green) tolerance interval, the changes may not affect the roadmap. Therefore, the roadmap can probably stay as it is.
However, if the changes are significant and go beyond the maintain (green) tolerance interval, then the roadmap requires the
updating to reflect the changing situation. Failure to update the roadmap at the appropriate time could result in inefficient man-
agement of resources and budget and affect the company’s competitiveness in the market. Fig. 11 demonstrates the evaluation model
to determine the current status of a technology roadmap with the consideration of the impacts of changes in technology development
progress.

4. An illustrative example

With an aging population that continues to grow while economic growth in many countries gets slower, the situation has de-
manded for more supports to keep elders age-well and being able to live independently longer at home while try to reduce the burden
of caretakers and control healthcare costs. One of major ongoing development is the assistive robotic technologies.

For the organization presented as a case example in this section, the company’s roadmap has been set in 2017 to guide the future
development of its fully automated assistive robotics. The key drivers impacting the future development are identified as the increase
of elderly population, the shortage of caregivers, the government policy on financial support for elders and tax incentives for
manufacturers, the availability and affordability of new technologies like energy storage and sensor, etc. The results on trend analysis
of these key drivers present that the suitable timing for launching the fully automated assistive robotics is in 2021. To complete in
time, the development of key technology components should be planned as shown in the roadmap (Fig. 12).

Assuming that today is at the end of 2018, the trends of each key drivers get reassessed and the development status of key
technology components also get reported according to the pre-defined level of technology readiness (TRL). The results show that the
progression of some drivers has reached the target sooner than the initial projection. For example, in 2017 at the time we developed
this roadmap, we anticipated that the cost of energy storage would reduce from 400 Euro/Wh in 2018 to 200 Euro/Wh in 2020 but
now we observe that the cost of energy storage has fallen faster which it is expected to be 200 Euro/Wh in 2019 (one year sooner than
the initial plan). While the progression of some drivers seems to be slower than the initial projection. For example, in 2017 we
anticipated that the government will launch a special financial packages in 2019 supporting elders and also offer 10% tax reduction
incentive to assistive robotic developers and manufacturers. But due to economic slowdown, there is a clear signal that the gov-
ernment would continue to increase the monthly allowance for elders but it may be slightly lower than expected. While the tax
incentive plan would be postponed for another 2 years. For the development status of key technology components, the report shows
the development progress of rechargeable battery, composite material, sensor, and software has achieved the targeted TRLs while the
development progress of motor&drive, 3D printed part, and micro-controller has lagged behind the targeted TRLs.

With the abovementioned circumstance, it leads to the question for the management to decide whether their initial roadmap in
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Fig. 12. A case company’s roadmap on the development of fully automated assistive robotics.

2017 is still valid. Should the target for launching the fully automated assistive robotics initially set for 2021 be adjusted or totally
revised?

4.1. Computational demonstration

The following calculation (Table 2) represents the impact of changes on external drivers causing Stry to signal “Adjusted”
recommendation to the initial roadmap.

The following calculation tables represent the impact of changes on technology development progress from the structural and
mechanical systems causing Stry to signal “Adjusted” recommendation to the initial roadmap (Table 3) as well as “Maintain”
recommendation from the control systems (Table 4). Taking the development progress of both systems into consideration, the status
of overall recommendation should reflect from the most severe case. Therefore, the TRM status (Stry) signals “Adjusted” re-
commendation to the initial roadmap.

By evaluating the impacts of changes from both external and internal environment as shown above, it indicates that the changes
are significant enough. Therefore, the initial roadmap set in 2017 must be adjusted. The management should call the meeting as
earliest as possible to update their roadmap with the tendency to launch the fully automated assistive robotics sooner due to the faster
development of market opportunity in this area. In the meantime, the management needs to call the immediate meeting with key
technology development teams to discuss major issues causing the development progress to be lower than the targeted TRLs. The
solutions or remedies must be concluded in the meeting with the clear plan for monitoring their effectiveness.

Table 2
Calculation on the impact of changes from external drivers .

Description Weight w(i) Tolerance Limits Actual Calculation
th1 ti—o m(base) to—1 tio m(i) x[m(i)] w(i) * x[m()]

Aging Society 0.10 10 15 20 25 30 20 0 0

Caregivers ratio 0.10 8 7 6 5 4 6 0 0

Financial Support 0.25 1200 1400 1600 1800 2000 1400 1 0.25

Tax Deduction 0.20 0 5 10 12 14 0 2 0.40

Costs of Energy Storage 0.20 400 350 300 250 200 250 1 0.20

Energy Density 0.15 100 150 200 300 400 250 0 0

Sum 1.00 0.85

TRM Status Signal Adjusted
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Table 3
Calculation on the impact of technology development progress: Structural and mechanical systems .

Technology Components weight Desired TRL Actual TRL Difference
Motor & Drive 0.20 6 4
Rechargeable Battery 0.30 6 6
Composite Material 0.35 8 8
3D Printed Part 0.15 5 3
1.00 6.55 5.85 -0.70
Adjusted
Table 4

Calculation on the impact of technology development progress: Control systems.

Technology Components weight Desired TRL Actual TRL Difference
Sensor 0.35 7 8
Micro-controller 0.50 5 4
Software 0.15 4 4
1.00 5.55 5.4 -0.15
Maintain

5. Conclusion

Since a roadmap represents a case at the time of developing it, it does not reflect the changing situation happening after the finish
of the roadmap development. From time to time, the changes from any of the components/factors, which are identified on a roadmap,
may occasionally occur. Thus, it is highly important for management to ensure that a roadmap is kept up-to-date along with the
changing situation. Otherwise, a roadmap can eventually become obsolete. Without a clear process to identify the current status of a
roadmap, management sometime find that it is quite a big challenge to keep the roadmapping process alive.

This paper therefore attempts to address the challenge of maintaining the technology roadmap by determining the current status
of a roadmap. Under the constant changing situation, the consideration of the impacts of changes from both internal and external
factors of an organization on a technology roadmap is therefore taken into account. The previously mentioned conceptual framework
of this paper indicates the common steps used for evaluating the impacts of changes from both external factor (i.e., key drivers) and
internal factor (i.e., technology development) on current status of a roadmap.

Through the operation of the conceptual framework, the TRM status signal is therefore generated in the final step. The generated
TRM status signals would help an organization to make a clearer or even better decision whether the current technology roadmap is
still usable. If the generated TRM status signal suggests that the technology roadmap is not up-to-date, management can then be
aware of the current status of a technology roadmap. As such, management can make a decision to amend the technology roadmap in
line with the occurring changes from any of the factors at the appropriate point of time. As a result, the technology roadmapping
implementation can become successful and management can still maintain the competitive edge of the organization.
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