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Abstract—Much attention has been paid internationally to the
adoption of sustainable development goals to achieve sustainable
outcomes. Although roadmapping is widely used by companies
and other organizations to plan long-term strategies, relatively few
studies have examined the development of roadmapping methods
aiming at sustainability. To address this challenge, in this article,
a backcasting-based method to design roadmaps that could be
used to facilitate decision making and plan sustainable futures
is proposed. By drawing on the concept of backcasting, the pro-
posed roadmap design method consists of two phases: defining a
sustainable vision, and describing the pathways that are required to
realize that vision. In order to develop pathways that bridge the gap
between the present and the vision, we develop a roadmap template
called a “four-arrow model.” To demonstrate the proposed method,
roadmaps are developed for Japanese manufacturing from the
present to 2050 by organizing an expert workshop. As a result,
two different roadmaps that connected sustainable visions and
associated pathways are successfully developed. The number of
ideas generated through the workshop indicates that the proposed
method encouraged brainstorming and concept development. Fu-
ture research will focus on making the roadmap design process
more comprehensive by conducting industrial case studies.

Index Terms—Backcasting, decision making, roadmap design,
sustainable vision, system analysis and design.

I. INTRODUCTION

S
USTAINABLE development goals (SDGs) were adopted

by the United Nations General Assembly in 2015 to encour-

age companies and other organizations to implement long-term

planning strategies and policies by incorporating the concept of

SDGs [1]. The original definition of sustainable development

is to meet the needs of present generations while maintaining

the ability to meet the needs of future generations [2]. When
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compared with conventional company goals, SDGs typically

contain longer term and more diverse goals (e.g., climate action,

human well-being, economic growth, and responsible consump-

tion and production). Consequently, for companies to develop

goals and strategies that will bring about innovation and promote

sustainability is a challenging task. Roadmapping is a promising

approach for achieving such goals and the concept has been

widely used for strategic planning and technology management,

primarily because it enables organizations to graphically repre-

sent the pathways that are required to achieve goals in a temporal

context [3]–[6]. Structured as a timeline with multiple layers, a

roadmap has a graph structure that depicts a variety of possible

events, such as actions, and linkages between events, either

horizontally within a layer or vertically across layers [3]. In

practice, workshops are commonly used to develop roadmaps by

facilitating knowledge exchange through brainstorming sessions

involving experts and stakeholders [3].

Numerous studies have been conducted on developing

roadmapping procedures that support an organization’s vision

and culture [3]. However, few methodological contributions

have attempted to combine roadmapping and sustainability,

although examples of such approaches are increasing (e.g., [7],

[8]). When attempting to clarify how roadmaps can be designed

toward achieving sustainable futures, we consider that there are

at least three challenges that need to be addressed as follows:

1) The procedure required for designing a roadmap to achieve

sustainability (or sustainability roadmap) has not yet been

formalized.

2) Limited research has been conducted on the analysis and

evaluation of developed roadmaps.

3) Relatively few case studies have been undertaken in the

manufacturing domain, even though manufacturing sec-

tors exert a significant influence on environmental sus-

tainability.

To resolve these challenges, this article proposes a method for

designing roadmaps for sustainable futures using a backcasting

approach. To formalize the procedure, we define the concept of

roadmap design as a series of iterative processes involving de-

velopment, analysis, evaluation, and revision, through which the

scope and details of the roadmap increase with each iteration [9]–

[11]. Based on this concept, we develop a four-step procedure for

designing roadmaps that employs workshops and postworkshop

processes. Since sustainability goals, including SDGs, cover a

wide variety of issues (e.g., politics, economy, society, and envi-

ronment), we start with decomposing sustainable goals and then

reconstructing the vision to be realized. Generally, backcasting is
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used in scenario creation for delineating future visions and then

drawing pathways backwards from those visions to the present

[12]–[14]. To examine the advantages and limitations of the

proposed method and to clarify the requirements for supporting

the analysis, evaluation, and revision of the designed roadmaps,

we collaborated with the Technology Roadmap Committee of

the Japan Society of Mechanical Engineers (JSME) to conduct

a case study of sustainability in the manufacturing sector of

Japan from the present to 2050. In addition, we conducted a

questionnaire survey after a workshop to analyze participants’

perceptions and evaluate the efficacy of roadmap design.

In the next section, we clarify the research challenges associ-

ated with roadmap design for sustainable futures by reviewing

literature. In Section III, we describe our approach and define the

procedure. In Section IV, we present the results of a case study,

and in Section V, we discuss the effectiveness of the proposed

method. Finally, Section VI concludes this article.

II. ROADMAPPING AND SUSTAINABILITY

In this section, existing roadmapping methods and practices

are described based on a literature review, and the challenges

associated with roadmap design for sustainable futures are pre-

sented.

A. Literature Review

In previous studies, roadmaps have typically been used to

identify promising technologies and to gain a competitive ad-

vantage by connecting market needs, business strategies, product

development, and technological development [15], [16]. The

first company to develop a roadmap to anticipate changes in

the market and in technology, resolves customer problems, and

improves productivity was Motorola, in 1970 [17], [18]. The

International Technology Roadmap for Semiconductors [19],

which is one of the most well-known roadmaps in global use, was

published annually from 1998 to 2016 by a group of semicon-

ductor industry experts. The roadmap incorporated quantitative

technical specifications for the next 15 years based on Moore’s

Law. In Japan, the most famous roadmap is called strategic

technology roadmaps, which were published by the Ministry of

Economy, Trade and Industry, Japan to identify technological

trends and set annual target for each technology area [20]. As

such, most of existing roadmaps are based on forecasting ap-

proaches, which are effective for setting realistic and short-term

goals based on analyses of past and present performance.

In the context of sustainability, the World Business Council for

Sustainable Development published an SDG sector roadmap to

facilitate the adoption of SDGs by companies, and to help them

identify important challenges, develop effective solutions, and

set specific goals and key performance indicators (KPIs) for each

sector [8]. The REMADE Institute employed roadmapping to

define priorities and identify technical and economic challenges

and associated knowledge gaps, and to reduce embodied energy

and carbon emissions associated with industrial-scale manufac-

turing [9].

From a methodological point of view, roadmapping initiatives

commonly employ workshops that bring people from different

Fig. 1. Schematic technology roadmap (adapted from [4]).

parts of an organization together so that they can discuss exter-

nal entities such as markets, suppliers, business partners, and

competitors [4]. The most important benefit of roadmapping is

considered to be the discussions and exchanges that take place

when generating and sharing knowledge at these workshops [8].

At the same time, however, the content of roadmaps depends on

the knowledge and experience of the workshop participants and

facilitators, as well as the available data [21].

Since roadmapping is a flexible technique [4], much research

has focused on developing a roadmapping process that fits spe-

cific objectives (e.g., [22], [23]). For example, T-Plan [4] aims

to support product planning by proposing a standard procedure

for rapid initiation of roadmapping in an organization. In this

method, while the number of layers is flexible and varies accord-

ing to the objective of the project, a roadmap often comprises

three layers (i.e., a market layer, a product layer, and a technology

layer) as shown in Fig. 1. There are two approaches involved that

need to be considered in the planning of product development:

market pull and technology push [4]. Market pull aims to define

a product based on a customer’s needs, whereas technology

push seeks to identify innovative technologies that are not yet in

demand in the market.

In addition, previous studies have attempted to integrate

supporting tools into the roadmapping procedure to ensure the

quality of knowledge employed in the development of the re-

sulting roadmaps. Since predicting future events, such as market

trends and emerging technologies, are complicated by limited

data availability [24], existing tools in the field of foresight

research (e.g., Delphi and scenario planning [25]) are often used

to support roadmapping.

B. Problem Statement

To transform current society from being unsustainable to

sustainable, long-term and drastic changes are required [12].

Since sustainable future visions are inherently normative and

stakeholders have different sets of values and views, a par-

ticipatory approach engaging stakeholders is often used [26].

Workshop-based roadmapping is a useful approach for identi-

fying future challenges and developing solutions for realizing a
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Fig. 2. Overview of the proposed method.

sustainable vision over a specified time. On the other hand, there

are three challenges in applying roadmaps to clarify sustainable

futures as follows:

1) Although much research has been conducted on con-

necting market and technology layers (see Fig. 1), the

procedure has not yet been formalized to design a vision

and identify pathways through iterative processes of devel-

opment, analysis, evaluation, and revision of the roadmap

during and after a workshop [27].

2) Limited research has been conducted on the evaluation

and analysis of roadmap design [28]. Consequently, the re-

quirements for supporting effective roadmap design have

not been clarified.

3) Fewer case studies have been executed in the domain of

manufacturing [29], even though manufacturing sectors

have a significant influence on sustainability on a global

scale.

III. BACKCASTING-ORIENTED ROADMAP

DESIGN FOR SUSTAINABILITY

A. Approach

To address the first challenge mentioned in Section II-B, we

propose the procedure for roadmap design as shown in Fig. 2.

The entire process of roadmap design is comprised of four steps,

i.e., preparation, developing visions, developing pathways, and

postworkshop activities. Assuming that there are two types of

actors (i.e., roadmap designer and workshop participant), Steps 1

and 4 are undertaken by roadmap designers, while Steps 2 and 3

are performed by participants in workshops. These steps should

be iterative until the roadmap becomes sufficiently detailed.

Related to the second and third challenges, we conducted a

case study of Japanese manufacturing to evaluate the workshop

results and the efficacy of the proposed method to support

roadmap design.

In the workshop phase (i.e., Steps 2 and 3 in Fig. 2), we

integrate the concept of backcasting into the roadmap design

process to clarify sustainable futures. In Step 2, we use logic

trees to support idea generation for a sustainable vision. In

literature on backcasting-oriented scenario design, describing

a logic tree has been demonstrated to be effective for generating

ideas backwards from visions by visualizing the hierarchical

structure of visions based on the causal relationship between

ideas [30]. A storyline is developed to clarify the relationship

between important ideas selected from the logic tree. In Step 3,

we develop a “four-arrow” template (see Fig. 2) to bridge two

types of gap, i.e., the gap between the market and technology

(vertical gap) and the gap between the vision and the present

(horizontal gap). This corresponds to combining market pull vs.

technology push approaches [4] and forecasting vs. backcasting

approaches, respectively. A storyline can then be developed in

narrative format by selecting important pathways to realize the

vision.

B. Roadmap Design Process

Details of the four steps for roadmap design are described as

follows.

1) Preparation: The roadmap designers clarify the objective

of roadmap design (e.g., designing business model for sustain-

able mobility) and define boundaries (e.g., in a Japanese commu-

nity, in 2030). In order to design a roadmap, the roadmap design-

ers recruit participants and divide them into smaller groups (e.g.,
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4–6 people per group) if necessary, before preparing materials

and templates (e.g., logic tree, roadmap, and storyline).

2) Developing Sustainable Visions: To develop a sustainable

vision, Step 2 is divided into three substeps: describing a logic

tree [2(a)], describing a storyline [2(b)], and transferring the

ideas to a roadmap [2(c)].

Step 2(a): Describing a logic tree

Participants engage in brainstorming ideas about sustainable

futures through discussions and reviewing materials. Using a

logic tree, participants then arrange these ideas into a hierarchi-

cal structure based on causal relationships. The relationship(s)

between ideas is then represented as a linkage. When developing

a logic tree, we employ PEST (political, economic, social, and

technological) analysis [31] to cover a wide range of relevant

ideas.

Step 2(b): Developing a storyline

The participants then select those clusters of ideas on the logic

tree that are key concepts of the vision, and describe the vision in

a narrative form by constructing sentences based on the structure

of the logic tree.

Step 2(c): Transferring ideas to a roadmap

The participants transfer the ideas from the logic tree to a

roadmap taking care to maintain the linkage between ideas; goals

are transferred into a “Vision” column and associated means are

transferred into a “Future situation” column of the roadmap (on

the right-hand side of the “four-arrow” template).

3) Developing Pathways: Using the “four-arrow” template

and PEST analysis [31], Step 3 consists of three substeps as

follows.

Step 3(a): Describing present situations

Based on materials and the knowledge of the experts at the

workshop, the participants describe the present situation and

near-future scenarios in a “present situation” column (area 3 of

roadmap in Fig. 2).

Step 3(b): Connecting the vision and present situations

Based on the results of steps 2(c) and 3(a), the participants

extract the problems that need to be addressed and generate

ideas related to potential solutions (e.g., market opportunities,

innovations in business model, and emerging technologies) to

connect the “future situation” and the “present situation” into

the center of the roadmap to produce the “four-arrow” format of

the roadmap template (area 4 of roadmap in Fig. 2).

Step 3(c): Developing a storyline

The participants then select important pathways that are cru-

cial to realizing the vision and explain them in narrative form.

4) Postworkshop Activities: Considering time limitations,

examining all of the possible linkages that exist between ideas

during a workshop is difficult. In order to maximize the utility

of the workshop for developing a strategy, roadmap designers

need to extract key messages (e.g., policy recommendations and

technological/social challenges to be addressed) from roadmaps

by analyzing and understanding the results of the workshop, and

also to add ideas and linkages. To revise roadmaps, roadmap

designers can then evaluate the content of roadmaps and discuss

what to do next (e.g., information gathering, obtaining expert

opinions, and conducting subsequent workshops).

IV. CASE STUDY OF ROADMAP DESIGN USING

SUSTAINABLE MANUFACTURING IN JAPAN

To investigate the effectiveness of the proposed method,

we conducted a roadmap design workshop in December 2018

in collaboration with the Technology Roadmap Committee of

JSME [32]. The goal was to use a workshop format to identify

which technologies should be developed and how to achieve

a sustainable manufacturing sector in Japan from the present

to 2050. It was assumed that the outcomes would be used in

policy-making decisions within the JSME. The JSME is one

of the largest academic communities in Japan, accommodating

approximately 35 000 members and consisting of 22 divisions in

a wide range of technological fields, such as material mechanics,

robotics and mechatronics, design engineering and systems, and

transportation and logistics. The Technology Roadmap Commit-

tee is comprised of representatives from each division.

A. Preparation

The definition used for manufacturing employed in this article

is extensive, and includes the development and provision of both

products and services. Further, it was expected that the devel-

oped roadmaps could potentially be applied to the development

of a platform for sector-specific roadmaps in the future.

In December 2017, the roadmap committee conducted a

preliminary workshop to test the proposed method and proto-

typed a roadmap. Through the outcome of this workshop, two

sustainable visions were prototyped successfully, but the path-

ways required to realize these visions were not well addressed.

Therefore, the results of a previous workshop were used as a

reference for developing the visions in the workshop described

in this article.

The roadmap design team planned a two-day workshop, in

2018, allocating time for participants to focus on developing

visions on the first day and then to develop pathways on the

second day (see Appendix A for details). As materials to support

the brainstorming activities described in Step 2(a), a list of

SDGs and a summary (i.e., lists of generated ideas) of the

previous workshop were prepared. We customized the “four-

arrow” template (Fig. 2) to produce a roadmap that incorporated

into the product layer of the five key industrial areas (i.e.,

autonomous driving and mobility services, manufacturing and

robotics, biotechnology and materials, plant and infrastructure

maintenance, and smart home and lifestyles) that are highlighted

by “Connected Industries” [33]. The templates for the logic tree

and storyline were also prepared. The workshop participants

were recruited from the members of the committee and 14 people

(i.e., 10 from academia and 4 from industry) participated in the

workshop. While most of the participants were engineers and

not familiar with roadmapping, they had extensive knowledge of

how technology can be applied to sustainability. The participants
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Fig. 3. Results of logic tree (not exhaustive).

were divided into two groups (A and B) to ensure that the gender

ratio and the proportion of representatives from academia and

industry were similar in both groups.

B. Developing Visions

In Step 2 in Fig. 2, Groups A and B developed their visions.

The contents of the two logic trees are summarized in Fig. 3.

Step 2(a): Describing a logic tree

The participants selected some of the goals of the SDGs and

keywords from the outcomes of the previous workshop, and

discussed the topics to generate and share ideas about the future

desired by 2050. A total of 57 ideas were generated by Group

A and 84 ideas were generated by Group B. Group A selected

11 goals out of the SDGs and grouped them into three themes

(i.e., infrastructure, food, and human well-being). Apart from

the results of the previous workshop, they developed a vision

in which “sharing value to be achieved” was defined as the

main overarching goal of the three groups of SDGs. Group B,

which examined the vision developed at the previous workshop,

selected three goals of SDGs and discussed the development

of a cyber-physical network for self-actualization of individuals

within the context of a life and industrial infrastructure in a

society with low CO2 emissions.

Step 2(b): Developing a storyline

The participants defined the title of their visions and explained

their visions in narrative form using important ideas extracted

from the logic tree. Group A defined the title of their vision

as “Sharing the joy of being a member of a global society,”

which contrasted with some of the characteristics of the current

society which is characterized by fierce competition among

influential companies for information and a focus on promoting

consumption. Group B defined the title of their vision as “Con-

nected Planets,” which is an information-driven infrastructure

connecting multiple planets and examines the realization of

self-actualization. The key idea was that a cyber-physical net-

work is used to develop both basic infrastructure, which enables

more flexible lifestyles and workstyles for self-actualization, and

industrial infrastructure, which enables a global and efficient

electricity transmission and distribution network to achieve a

100% renewable society.

Step 2(c): Transferring ideas to a roadmap

The participants transferred their ideas into the “Vision” and

“Future situation” components of the roadmap template (see

Fig. 3).

C. Developing Pathways

By following Step 3 in Fig. 2, Groups A and B developed

pathways to realize the visions.
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Fig. 4. Described pathways for Group A (not exhaustive).

Step 3(a): Describing present situations

The participants then examined the present situation and near-

future scenarios from the viewpoint of drivers and inhibitors

by brainstorming. Focusing on drivers, Group A considered

utilizing virtual reality (VR) technology as a communication

medium for sharing values. Group B focused on emerging

products/services to discover the potential desires of indi-

viduals using the Internet of Things, like smart mirrors. As

for inhibitors, Group A described the passive attitudes of the

present generation as, among others, “not having any material

desires” and “not being aware of one’s own ability.” Group B

discussed the challenges associated with realizing their vision

from social and technological perspectives. From a social

perspective, the typical modern workstyle prevents us from

realizing self-actualization. From a technological perspective,

the current energy supply system in Japan is highly dependent

on fossil-fuel-based power generation which causes signifi-

cant CO2 emissions.

Step 3(b): Connecting the vision and present situations

The participants generated ideas to connect the visions and the

present. The summary of pathways is shown in Figs. 4 and 5.

In total, Group A generated 161 ideas and Group B generated

122 ideas. The detailed results are summarized in Appendix B.

Group A proposed a content-based business model of manu-

facturing for people less inclined toward material possessions.

The key concept is to realize participatory manufacturing by

means of, for example, a memory re-enacting service and

education using VR to enable people to become aware of their

potential abilities. Group B proposed the workstyle focused

on the utilization of individual skills and that allows people to

realize their desires by shifting from a money-based economy

to an information-based economy in which value is measured

through the exchange of information. In addition, Group B

also discussed the problems that need to be addressed in

order to utilize renewable energy, such as improvements in

efficiency and system control.

Step 3(c): Developing a storyline

The participants then described the pathways in narrative form.

Group A considered that it is necessary to promote content-

based participatory manufacturing, in a broad sense, in order

to share values among the members of a global society. Group

B proposed utilizing information technologies to get people to

engage in creative activities, to utilize their individual skills,

and to facilitate the efficient transmission and distribution of

energy.

D. Postworkshop Activities

As part of postworkshop activities, we conducted a follow-up

questionnaire and convened a core member meeting in order to

evaluate the effectiveness of the proposed method and the quality

of the roadmaps produced.

1) Follow-Up Questionnaire: We conducted a questionnaire

with four questions that used a five-grade evaluation based on

the Likert scale [34]. The original questionnaire and results are

shown in Appendix C. Of the 14 attendees at the workshop, nine

responded to the questionnaire to give a response rate of 64%.

Summarizing the positive comments obtained from respondents,

100% of the respondents were satisfied with participating in the

workshop because of the range of knowledge that was shared

among members of industry and academia through developing

the roadmaps. A total of 67% of the respondents felt that the

proposed method was effective for supporting the ideas that were

generated to connect the vision and the present. However, one

participant commented that the logic trees and the roadmaps

were not well connected. A total of 67% respondents felt that
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Fig. 5. Described pathways for Group B (not exhaustive).

they generally supported the direction of the proposed ideas

as they were related to manufacturing. In terms of the quality

of the roadmaps that were generated, most of the respondents

considered them to be not sufficiently detailed and in need of

further development.

2) Evaluation and Next Steps: The roadmap design team

held a core member meeting to evaluate the workshop question-

naire results and to discuss the steps necessary to improve the

content of roadmaps. Suggestions and further challenges raised

by the members included the following:

1) Data collection and analysis are required to validate the

timing of events (e.g., new market trends and emerging

technologies).

2) While social changes were described to some extent,

the connections between society and manufacturing, and

manufacturing and technologies were not well-described.

3) It was difficult to understand the content of the roadmaps

because of differences in the level of granularity of the

ideas.

Possible measures to resolve these challenges included the

following conditions:

1) Selecting important and interesting topics from the

roadmaps, and then conducting workshops with people

from divisions in related fields to develop more detailed

roadmaps.

2) Adding quantitative information from experts (e.g., con-

ducting interviews and referring to external data) in order

to make the roadmaps more compelling.

3) Comparing the backcasting roadmaps with roadmaps that

have been generated using forecasting, and then evaluating

the gaps.

V. DISCUSSION

In this section, the contributions of the proposed method and

the challenges for further research are discussed based on the

results of the case study.

A. Methodological Contributions

The contributions of this article can be summarized in the

following three points.

First, to address challenge 1) in Section II-B, we defined the

roadmap design process as the development, analysis, evalu-

ation, and revision of roadmaps, using a formalized four-step

procedure to achieve a sustainable future, as shown in Fig. 2.

In the case study, the processes involved in developing visions

and pathways stimulated communication between participants

and facilitated brainstorming; this is clear from the number of

ideas generated during the workshop (i.e., 159 ideas in Group

A and 122 ideas in Group B). In particular, Step 3(b) was

considered effective for connecting the visions and the present

where key concepts are illuminated. For example, “participatory

manufacturing” was proposed as a key concept connecting the

vision and the present by Group A. As a result, we confirmed

that the proposed method provides the systematized process of

designing roadmaps when longer term strategies and policies

for sustainability are investigated. Integrating this process into

actual workflows would result in more efficient roadmap design

cycles in the context of strategy or policy planning.

Second, to address challenge 2) in Section II-B, we conducted

a follow-up questionnaire to evaluate the roadmaps after the

workshop. As seen from the questionnaire results, the work-

shop participants expressed satisfaction with their participation
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because the roadmap design process facilitated knowledge shar-

ing and mutual learning among the participants. This process

can support value cocreation for sustainability. According to

Questions 1 and 2 in Fig. 8, however, there is still some room

to improve the proposed method and how the usage of the

method is guided by the facilitators. Based on the results of

the questionnaire and a core member meeting, we extracted the

following three requirements to further support the analysis and

evaluation of the generated roadmaps:

1) Distinguishing the granularity of ideas. In existing liter-

ature, the level of granularity is a key design parameter

that needs to be considered in order to ensure that the

analysis is appropriate for the target audience; typically,

this is done by defining layers in advance [35]. However,

in a workshop setting, the ideas that are generated by

participants can span a variety of levels of granularity.

2) Clarifying the types of relationship that exist between

ideas (e.g., causal relationship and time series). Also,

identifying missing relationships that need to be added to

complete the roadmap is helpful because a time constraint

often prevents workshop participants from describing all

necessary relationships to connect ideas.

3) Adding rationales for quantitative indicators such as the

timing of events and KPIs (e.g., CO2 reduction rates) to

evaluate the feasibility of roadmaps.

Last, to address challenge 3) in Section II-B, we prototyped

the first roadmaps for Japanese manufacturing from the present

to 2050. In particular, the future direction of manufacturing

was described by considering the regional characteristics of

Japan. For example, not having strong material desires, which

is a characteristic of many contemporary young people, was

reflected in “content-based manufacturing” in Group A. The

roadmaps developed through the case study would be usable as

one of reference roadmaps for benchmarking. In future, it would

be desirable to make these roadmaps more robust by comparing

them with roadmaps developed for other countries (e.g., China

[36] and Australia [37]).

B. Research Challenges and Further Research

In this article, the effectiveness of the proposed method was

only tested against idea generation during the workshop. We

need to develop a more detailed roadmap design procedure and

conduct a case study that focuses on iterative design cycles

including idea generation, analysis, evaluation, and revision. To

this end, we have developed the following tentative ideas about

how future tasks can be implemented in order to address the

challenges associated with roadmap design:

1) To meet the three requirements described in Section V-A,

roadmap designers need to examine the results of work-

shops semantically and add information to events and link-

ages; however, the complexity of workshop outcomes can

make this difficult. One solution is to develop a computer-

aided support system, in which functions for supporting

roadmap design could be implemented; for example, a

graphing tool to facilitate workshops, and an analysis tool

to visualize the logical structure of a developed roadmap.

2) There are significant uncertainties in roadmaps designed

for long-term goals, such as SDGs, and few studies have

been conducted to evaluate the validity and feasibility

of such roadmaps. One possible solution for addressing

this uncertainty is to connect a roadmap and a scenario

because they should complement each other; scenarios can

provide detailed rationales for developing roadmaps in a

narrative format. In this way, third parties could assess the

process by which the roadmap was developed. Although

some scholars have attempted to connect roadmaps and

scenarios [38], there is considerable scope for improv-

ing the methodology employed. Moreover, integrating

roadmap design and computer-aided scenario design [39]

is a promising approach that we intend to examine in future

research.

It should be noted that a limitation of the brainstorming-based

approach is that the quality of roadmaps is highly dependent

upon the knowledge and skills of the workshop participants.

As seen from Tables A2 and A3 in Appendix B, the political

and economic ideas generated in the roadmaps for Groups A

and B accounted for relatively a small portion (8%–19%) partly

because the workshop participants were mostly engineers. This

suggests inviting more experts in different academic disciplines

(e.g., economics, political science, and sociology) to workshops

in order to collect more diversified ideas.

Furthermore, it is desirable to test the developed method at a

larger scale because, in this article, the number of respondents of

the follow-up questionnaire was limited (only nine respondents,

see Section IV-D-1 for details) and the results might be affected

by self-selection bias. Engaging real-word stakeholders (e.g.,

people in industry or local governments) is also helpful for

gaining insights into how our method is integrated into the actual

business workflow.

VI. CONCLUSION

In this article, we defined the concept of roadmap design

and proposed a backcasting-oriented roadmap design method

toward achieving sustainable futures. Specifically, the proposed

method involved developing vision and developing pathways.

By developing a pathway, participants at workshops can focus

on filling the gaps between sustainable visions and the present;

we developed a four-arrow template to facilitate this aim. To

investigate the effectiveness of the four-arrow template against

brainstorming, we conducted a case study of Japanese manufac-

turing in which participants used the template to generate ideas

and connect their visions to the present.

The proposed method was well suited for use as a tool for

thought experiments focused on developing sustainable futures.

In this article, workshop participants shared their ideas that

could be useful as the basis to further discuss the future direc-

tion of manufacturing in Japan. The results of the case study

revealed that the method facilitated a deeper understanding

of the technologies required to make Japanese manufacturing

sustainable. Overall, we confirmed that the four-step roadmap

design process aligned with the four-arrow template worked well

to generate diversified ideas among workshop participants and
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to indicate key concepts to connect a sustainable future and the

present. In consequence, the proposed method can provide the

codesign process involving various stakeholders to come up with

strategies for sustainable innovations.

On the other hand, a methodology for analyzing and eval-

uating workshop outcomes needs to be developed because it

is not an easy task to deal with hundreds of ideas generated

during the workshops. Furthermore, it was desirable to integrate

other methods and tools (e.g., quantitative simulations) into our

method in order to test the feasibility of the developed roadmaps.

This was part of our future work. It should also be noted that

the case study presented in this article can be positioned as a

preliminary experiment to demonstrate the proposed method. As

described in Section IV-D-1, the developed roadmaps needed

to be further detailed in order to gain deeper insights into

sustainable manufacturing industry in Japan. Toward this end,

we planned to develop more concrete roadmaps by organizing

additional workshops in cooperation with JSME.

Future research will focus on developing such a procedure

in more detail to better support the iterative design cycle of

idea generation, analysis, evaluation, and revision. Another case

study incorporating iterative refinement was also required. To

make roadmap design more effective and efficient, integrating

scenario planning and developing computer-aided support sys-

tems were considered promising areas for future research.
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TABLE AI
WORKSHOP STRUCTURE

Appendix B: Roadmaps developed during the workshop.

TABLE AII
BREAKDOWN OF THE GENERATED IDEAS IN THE ROADMAP (GROUP A)
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BREAKDOWN OF THE GENERATED IDEAS IN THE ROADMAP (GROUP B)

Appendix C: Follow-up questionnaire after the workshop.

TABLE AIV
QUESTIONS AND CHOICES OF QUESTIONNAIRE
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Fig. 6. Developed roadmap for Group A.

Fig. 7. Developed roadmap for Group B.
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Fig. 8. Questionnaire results.

REFERENCES

[1] “Transforming our world: The 2030 agenda for sustainable development,”
The United Nations, New York, NY, USA, 2015.

[2] World Commission on Environment and Development, Our Common
Future, Oxford University Press, New York, 1987.

[3] R. Phaal, C. J. P. Farrukh, and D. R. Probert, “Technology roadmapping:
A planning framework for evolution and revolution,” Technol. Forecast.

Soc. Change, vol. 71, no. 1–2, pp. 5–26, 2004.
[4] D. Barker and D. J. H. Smith, “Technology foresight using roadmaps,”

Long Range Planning, vol. 28, no. 2, pp. 21–28, 1995.
[5] P. Groenveld, “Roadmapping integrates business and technology,” Res.

Technol. Manage., vol. 40, no. 5, pp. 48–55, 1997.
[6] J. Strauss, M. Radnor, and J. Peterson, “Plotting and navigating a non-linear

roadmap: Knowledge-based roadmapping for emerging and dynamic envi-
ronments,” in Proc. East Asian Conf. Knowl. Creation Manage., Mar. 1998.

[7] World Business Council for Sustainable Development, SDG Sector
Roadmaps, 2019. Accessed: Aug. 05, 2019. [Online]. Available: https://
www.wbcsd.org/eng/Programs/People/Sustainable-Development-Goals/
SDG-Sector-Roadmaps

[8] Technology Roadmap, REMADE Institute, New York, NY, USA, 2018.
[9] R. Wells, R. Phaal, C. J. P Farrukh, and D. R Probert, “Technology

roadmapping for a service organization,” Res. Technol. Manage., vol. 47,
no. 2, pp. 46–51, 2004.

[10] R. Phaal, C. J. P. Farrukh, and D. R. Probert, “Developing a technology
roadmapping system,” in Proc. Portland Int. Conf. Manage. Eng. Technol.,
Jul./Aug. 2005, pp. 99–111.

[11] R. Phaal and G. Muller, “An architectural framework for roadmap-
ping: Towards visual strategy,” Technol. Forecast. Soc. Change, vol. 76,
no. 1, pp. 39–49, 2009.

[12] K. H. Dreborg, “Essence of backcasting,” Futures, vol. 28, no. 9,
pp. 813–828, 1996.

[13] J. B. Robinson, “Energy backcasting: A proposed method of policy anal-
ysis,” Energy Policy, vol. 10, no. 4, pp. 337–344, 1982.

[14] J. Holmberg and K. H. Robert, “Backcasting — A framework for strategic
planning,” Int. J. Sustain. Develop. World Ecol., vol. 7, no. 4, pp. 291–308,
2000.

[15] R. C. McCarthy, “Linking technological change to business needs,” Res.

Technol. Manage., vol. 46, no. 2, pp. 47–58, 2003.
[16] A. L. Fleury, F. Hunt, M. Spinola, and D. R. Probert, “Customizing the

technology roadmapping technique for software companies,” in Proc.

Portland Int. Conf. Manage. Eng. Technol., Jul. 2006, pp. 1528–1538.
[17] C. H. Willyard and C. W. McClees, “Motorola’s technology roadmap

process,” Res. Manage., vol. 30, no. 5, pp. 13–19, 1987.

[18] M. L. Garcia and O. H. Bray, Fundamentals of Technology Roadmapping.
Albuquerque, NM, USA: Sandia National Laboratories, 1997.

[19] M. L. Garcia, Introduction to Technology Roadmapping: The Semicon-

ductor Industry Association’s Technology Roadmapping Process. Albu-
querque, NM, USA: Sandia National Laboratories, 1997.

[20] Y. Yasunaga, M. Watanabe, and M. Korenaga, “Outline of the strategic
technology roadmap of METI (Ministry of Trade and Industry of Japan)
and trial approach for technology convergence with the methodology of
technology roadmapping,” in Proc. Portland Int. Conf. Manage. Eng.

Technol., Aug. 2007, pp. 1593–1604.
[21] R. N. Kostoff and R. R. Schaller, “Science and technology roadmaps,”

IEEE Trans. Eng. Manage., vol. 48, no. 2, pp. 132–143, May 2001.
[22] T. U. Daim and T. Oliver, “Implementing technology roadmap process in

the energy services sector: A case study of a government agency,” Technol.

Forecast. Soc. Change, vol. 75, no. 5, pp. 687–720, 2008.
[23] C. Kerr, R. Phaal, and K. Thams, “Roadmapping as a platform for develop-

ing management toolkits: A collaborative design approach with the Lego
group,” in Proc. Portland Int. Conf. Manage. Eng. Technol., Jul. 2017,
pp. 1–11.

[24] B. A. Vojak and F. A. Chambers, “Roadmapping disruptive technical
threats and opportunities in complex, technology-based subsystems: The
sails methodology,” Technol. Forecast. Soc. Change, vol. 71, no. 12,
pp. 121–139, 2004.

[25] A. Kameoka, Y. Yokoo, and T. Kuwahara, “A challenge of integrating
technology foresight and assessment in industrial strategy development
and policymaking,” Technol. Forecast. Soc. Change, vol. 71, no. 6,
pp. 579–598, 2004.

[26] A. Carlsson-Kanyama, K. Dreborg, H. Moll, and D. Padovan, “Participa-
tive backcasting: A tool for involving stakeholders in local sustainability
planning,” Futures, vol. 40, no. 1, pp. 34–46, 2008.

[27] E. den Ouden and R. Valkenburg, “Co-creating visions & roadmaps—
Defining shared ambitions and building sustainable innovation ecosys-
tems, lighthouse,” TU Endhoven, Eindhoven, Netherlands, 2016.

[28] R. S. Vatananan and N. Gerdsri, “The current state of technology roadmap-
ping (TRM) research and practice,” Int. J. Innov. Technol. Manage., vol. 9,
no. 4, 2012, Art. no. 1250032.

[29] M. M. Carvalho, A. Fleury, and A. P. Lopes, “An overview of the literature
on technology roadmapping (TRM): Contributions and trends,” Technol.

Forecast. Soc. Change, vol. 80, no. 7, pp. 1418–147, 2013.
[30] Y. Mizuno, Y. Kishita, H. Wada, K. Kobayashi, S. Fukushige, and Y.

Umeda, “Proposal of design support method of sustainability scenarios
in backcasting manner,” in Proc. Int. Des. Eng. Tech. Conf. Comput. Inf.

Eng. Conf., Aug. 2012, Art. no. DETC2012-70850.
[31] G. Johnson and K. Scholes, Exploring Corporate Strategy: Text and Cases,

3rd ed. Englewood Cliffs, NJ, USA: Prentice Hall, 1993.
[32] Technology roadmap committee of Japan society of mechanical engi-

neers (JSME). 2019. [Online]. Available: https://www.jsme.or.jp/english/,
Accessed on: Aug. 05, 2019.

[33] Ministry of Economy, Trade and Industry, Japan, Connected Industries,
2017. Accessed: Aug. 05, 2019. [Online]. Available: https://www.meti.go.
jp/english/policy/mono_info_service/connected_industries/index.html

[34] R. Likert, “A technique for the measurement of attitudes,” Arch. Psychol.,
vol. 22, no. 140, pp. 5–55, 1932.

[35] R. Phaal and G. Muller, “Towards visual strategy: An architectural frame-
work for roadmapping,” in Proc. Portland Int. Conf. Manage. Eng. Tech-

nol., Aug. 2007, pp. 1584–1592.
[36] R. Hu, J. Liu, and M. Zhai, Mineral Resources Science in China: A

Roadmap to 2050 (Chinese Academy of Sciences). Berlin, Germany:
Springer Science & Business Media, 2010.

[37] Commonwealth Scientific and Industrial Research Organisation (CSIRO).
2019. Accessed: Aug. 06, 2019. [Online]. Available: https://www.csiro.au/
en/Do-business/Futures/Reports

[38] M. Hussain, E. Tapinos, and L. Knight, “Scenario-driven roadmapping
for technology foresight,” Technol. Forecast. Soc. Change, vol. 124,
pp. 160–177, 2017.

[39] Y. Umeda, T. Nishiyama, Y. Yamasaki, Y. Kishita, and S. Fukushige,
“Proposal of sustainable society scenario simulator,” CIRP J. Manuf. Sci.

Technol., vol. 1, no. 4, pp. 272–278, 2009.

https://www.wbcsd.org/eng/Programs/People/Sustainable-Development-Goals/penalty -@M SDG-Sector-Roadmaps
https://www.jsme.or.jp/english/
https://www.meti.go.jp/english/policy/mono_info_service/connected_industries/index.html
https://www.csiro.au/en/Do-business/Futures/Reports

