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Abstract. In response to increasing demands being put onto software-intensive systems, software processes will evolve significantly over the next two decades. This paper identifies seven relatively surprise-free trends – increased emphasis on users and end value; increasing software criticality and need for dependability; increasing software criticality and need for dependability; increasingly rapid change; increasing IT globalization and need for interoperability; increasingly complex systems of systems; increasing needs for COTS, reuse, and legacy software integration; and computational plenty – and two “wild card” trends: increasing software autonomy and combinations of biology and computing; and discusses their likely influences on software processes between now and 2025. It also discusses limitations to software process improvement, and areas of significant software process research and education needs.

1   Introduction

Between now and 2025, ever-increasing demands will be put on computer software to provide safe, secure, and reliable information technology; to provide competitive discriminators in the marketplace; to support the coordination of multi-cultural global enterprises; to enable rapid adaptation to change; and to help people cope with complex masses of data and information. These demands will cause major differences in the processes currently used to define, design, develop, deploy, and evolve a diverse variety of software-intensive systems.

This paper elaborates on the nature of these increasing demands on software and their process implications. Section 2 will identify seven relatively surprise-free trends and two less-predictable “wild card” trends, and discuss their likely influence on software processes between now and 2025. Section 3 will attempt to bound expectations about the perfectibility of software processes by discussing basic limitations of software process improvement. Section 4 will describe some high-level software process research and education areas that are likely to have significant payoffs in addressing the software process challenges identified in Section 2, and Section 5 will present the resulting conclusions.

2 Information Technology (IT) Trends and Their Influence on Software Processes

The seven relatively surprise-free trends are:

1. An increased emphasis on users and end value;

2. Increasing software criticality and need for dependability;

3. Increasingly rapid change;

4. Increasing IT globalization and need for interoperability;

5. Increasingly complex systems of systems;

6. Increasing needs for COTS, reuse, and legacy software integration;

7. Computational plenty.

The two “wild card” trends are:

8. Increasing software autonomy;

9. Combinations of biology and computing.

2.1 User/Value Emphasis Trends and Process Implications

A recent Computerworld panel on “The Future of IT” indicated that usability and total ownership cost-benefits, including user inefficiency and ineffectiveness costs, are becoming IT user organizations’ top priorities [2]. A representative quote from panelist W. Brian Arthur was “Computers are working about as fast as we need. The bottleneck is making it all usable.” A recurring user-organization desire is to have technology that adapts to people rather than vice versa. This is increasingly reflected in users’ product selection activities, with evaluation criteria increasingly emphasizing product usability and value added vs. a previous heavy emphasis on product features and license costs. Such trends ultimately will affect software producers’ product and process priorities, marketing strategies, and competitive survival.

Some technology trends strongly affecting usability and cost-effectiveness are increasingly powerful enterprise support packages, data access and mining tools, and Personal Digital Assistant (PDA) capabilities. Such products have tremendous potential for user value, but determining how they will be best configured will involve a lot of product experimentation, shakeout, and emergence of superior combinations of capabilities.

2.1.1 Software Process Implications

In terms of future software process implications, the fact that the capability requirements for these products are emergent rather than prespecifiable has become the primary challenge. Not only do the users exhibit the IKIWISI (I’ll know it when I see it) syndrome, but their priorities change with time. These changes often follow a Maslow need hierarchy, in which unsatisfied lower-level needs are top priority, but become lower priorities once the needs are satisfied [35]. Thus, users will initially be motivated by survival in terms of capabilities to process new workloads, followed by security once the workload-processing needs are satisfied, followed by self-actualization in terms of capabilities for analyzing the workload content for self-improvement and market trend insights once the security needs are satisfied.

It is clear that requirements emergence is incompatible with past process practices such as requirements-driven sequential waterfall process models and formal programming calculi; and with process maturity models emphasizing repeatability and optimization [39]. In their place, more adaptive [27] and risk-driven [6] models are needed. More fundamentally, the theory underlying software process models needs to evolve from purely reductionist “modern” world views (universal, general, timeless, written) to a synthesis of these and situational “postmodern” world views (particular, local, timely, oral) as discussed in [45]. A recent theory of value-based software engineering (VBSE) and its associated software processes [9] provide a starting point for addressing these challenges. The associated VBSE book [4] contains further insights and emerging directions for VBSE processes.

For example, the [24] chapter in the VBSE book addresses the need to evolve from software products, methods, tools, and educated students strongly focused on individual programming performance to a focus on more group-oriented interdisciplinary collaboration. Negotiation of priorities for requirements involves not only participation from users and acquirers on each requirement’s relative mission or business value, but also participation from software engineers on each requirement’s relative cost and time to develop and difficulty of implementation. As we will discuss further under Globalization in Section 2.4, collaborative activities such as Participatory Design [19] will require stronger process support and software engineering skill support not only across application domains but also across different cultures.

Some additional process implications of people- and value- oriented trends are addressed in the ICSE 2000 Software Process Roadmap [21]. They include the need for process modeling languages to allow for incomplete, informal, and partial specification; the need for process-centered environments to be incremental and ambiguity-tolerant; and for software process metrics and empirical studies to be value-driven.

2.2 Software Criticality and Dependability Trends

Software is increasingly becoming the most critical success factor for future products (automobiles, aircraft, radios) and services (financial, communications, defense). It provides both competitive differentiation and rapid adaptability to competitive change. It facilitates rapid tailoring of products and services to different market sectors, and rapid and flexible supply chain management.

Although people’s and organizations’ dependency on software is becoming increasingly critical, dependability is generally not the top priority for software producers. In the words of the 1999 PITAC Report, “The IT industry spends the bulk of its resources, both financial and human, on rapidly bringing products to market.” [41].

Recognition of the problem is increasing. ACM President David Patterson has called for the formation of a top-priority Security/Privacy, Usability, and Reliability (SPUR) initiative [38]. Several of the Computerworld “Future of IT” panelists in [2] indicated increasing customer pressure for higher quality and vendor warranties, but others did not yet see significant changes happening among software product vendors.

This situation will likely continue until a major software-induced catastrophe similar in impact on world consciousness to the 9/11 World Trade Center catastrophe stimulates action toward establishing accountability for software dependability. Given the high and increasing software vulnerabilities of the world’s current financial, transportation, communications, energy distribution, medical, and emergency services infrastructures, it is highly likely that such a software-induced catastrophe will occur between now and 2025.

2.2.1 Software Process Implications

Process strategies for highly dependable software systems and many of the techniques for addressing its challenges have been available for quite some time. A landmark 1975 conference on reliable software included papers on formal specification and verification processes; early error elimination; fault tolerance; fault tree and failure modes and effects analysis; testing theory, processes and tools; independent verification and validation; root cause analysis of empirical data; and use of automated aids for defect detection in software specifications and code [8].

These have been used to achieve high dependability on smaller systems and some very large self-contained systems such as the AT&T telephone network [37]. Also, new strategies have been emerging to address the people-oriented and value-oriented challenges discussed in Section 2.1. These include the Personal and Team Software Processes [29, 30] and value/risk-based processes for achieving dependability objectives [22, 28].

The major future challenges for software dependability processes are in scaling up and integrating these approaches in ways that also cope with the challenges presented by other future trends. These include the next four trends to be discussed below: rapid change and agility; globalization; complex systems of systems; and COTS/legacy integration. The remaining trends – computational plenty, autonomy, and bio-computing – will offer further attractive solution avenues, but also further challenges, as we will also discuss below.

2.3 Rapid Change Trends

The increasingly rapid pace of IT change is driven by technology trends such as Gordon Moore’s Law (transistor density and performance doubles roughly every 18 months), plus the continuing need for product differentiation and tornado-like processes for new technology introduction [36]. Global connectivity also accelerates the ripple effects of technology, marketplace, and technology changes. Rapid change also increases the priority of development speed vs. cost in capitalizing on market windows. A good example of successful software process adaptation to rapid change was Hewlett Packard’s initiative to reduce product line software development times from 48 to 12 months [23].

When added to the trend toward emergent requirements, the pace of change places a high priority on process agility and investments in continuous learning for both people and organizations. Such investments need to be organization-wide. Many organizations have invested in agility and continuous learning for their technical people, but have left their administrative and contract people to propagate the THWADI (That’s how we’ve always done it) syndrome. This usually leads to unpleasant surprises when their agile technical processes run afoul of slow, outdated, and inflexible procurement or approval procedures.

Completely eliminating THWADI is not a good idea either, as it includes an organization’s corporate memory and best practices. The big challenge is to determine which legacy processes and principles to keep, modify, or eliminate.

2.3.1 Software Process Implications

A similar challenge is presented by the needs to achieve high levels of agility while simultaneously achieving the high level of discipline needed to develop highly dependable systems. In Balancing Agility and Discipline [10], we provide an overall framework for doing this. As shown in Figure 1, it involves a risk-driven spiral approach to determine whether a primarily agile or primarily plan-driven development approach is best, or if both are needed. If the latter, it involves identifying the partitions of the application most needing agility and encapsulating them in a plan-driven framework. A critical factor is the ability to pass a Life Cycle Architecture (LCA) milestone review before proceeding from concept exploration to development.
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Fig. 1. Risk-Driven Spiral Approach to Balancing Discipline and Agility

For systems already in operation, a rapid pace of change requires a pro-active, risk-driven monitoring and experimentation activity to identify and prepare for major changes. An excellent example is the spiral process used to evolve the Internet (even before the spiral model was defined and published). Using the approach shown in Figure 2, the Internet principals were able to experiment, pilot, evaluate, and redefine the Internet standards to evolve from wire-based communication through packet radio, satellite, and optical communication while providing continuity of service [17]. Another good example of technology monitoring, empirical experimentation, and process improvement was the NASA Goddard/U. of Maryland/CSC Software Engineering Laboratory [5].
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Fig. 2. The Internet Spiral Process [USAF-SAB Information Architectures Study, 1994]

Rapid change prompts an additional significant change in software engineering education. This is to help students not only learn concepts, processes, and techniques, but also to learn how to learn. In some of our software engineering courses, we have addressed this challenge by adding assignments for students to obtain information from as many sources as possible to evaluate the maturity of an emerging technology and recommend a strategy that an organization could use with respect to adoption of the technology. Other strategies for helping students learn how to learn, such as the use of game technology, appear worth exploring.

2.4 Globalization and Interoperability Trends

The global connectivity provided by the Internet provides major economies of scale and network economies [3] that drive both an organization’s product and process strategies. Location-independent distribution and mobility services create both rich new bases for synergetic collaboration and challenges in synchronizing activities. Differential salaries provide opportunities for cost savings through global outsourcing, although lack of careful preparation can easily turn the savings into overruns. The ability to develop across multiple time zones creates the prospect of very rapid development via three-shift operations, although again there are significant challenges in management visibility and control, communication semantics, and building shared values and trust.

On balance, though, the Computerworld “Future of IT” panelists felt that global collaboration would be commonplace in the future. The primary driver would evolve away from cost differentials as they decrease, and evolve toward the complementarity of skills in such areas as culture-matching and localization [2]. Some key culture-matching dimensions are provided in [26]: power distance, individualism/collectivism, masculinity/femininity, uncertainty avoidance, and long-term time orientation. These often explain low software product and process adoption rates across cultures. One example is the low adoption rate (17 out of 380 experimental users) of the more individual/masculine/short-term U.S. culture’s Software CMM by organizations in the more collective/feminine/long-term Thai culture [40]. Another example was a much higher Chinese acceptance level of a workstation desktop organized around people, relations, and knowledge as compared to Western desktop organized around tools, folders, and documents [proprietary communication].

As with railroads and telecommunications, a standards-based infrastructure is essential for effective global collaboration. The Computerworld panelists envision that standards-based infrastructure will become increasingly commoditized and move further up the protocol stack toward applications.

2.4.1 Software Process Implications

A lot of work needs to be done to establish robust success patterns for global collaborative processes. Key challenges as discussed above include cross-cultural bridging; establishment of common shared vision and trust; contracting mechanisms and incentives; handovers and change synchronization in multi-timezone development; and culture-sensitive collaboration-oriented groupware. Most software packages are oriented around individual use; just determining how best to support groups will take a good deal of research and experimentation.

One collaboration process that still has significant differences about its future is open-source software development. Security experts tend to be skeptical about the ability to assure the secure performance of a product developed by volunteers with open access to the source code. Feature prioritization in open source is basically done by performers: this generally viable for infrastructure software, but less so for corporate applications software. Proliferation of versions can be a problem with volunteer developers. But most experts, including the Computerworld futures panel, see the current success of open source development for products like Linux, Apache, and Firefox as sustainable into the future.

2.5 Complex Systems of Systems Trends

Traditionally (and even recently for some forms of agile methods), software development processes were recipes for standalone “stovepipe” applications with high risks of inadequate interoperability with other stovepipe applications. Experience has shown that such collections of stovepipe applications cause unacceptable delays in service, uncoordinated and conflicting plans, ineffective or dangerous decisions, and inability to cope with rapid change.

During the 1990’s, standards such as ISO/ISE 12207 [31] began to emerge that situated software project processes within an enterprise framework. Concurrently, enterprise architectures such as the IBM Zachman Framework [48], RM-ODP [42] and the U.S. Federal Enterprise Framework [20], have been developing and evolving, along with a number of commercial Enterprise Resource Planning (ERP) packages.

These frameworks and support packages are making it possible for organizations to reinvent themselves around transformational, network-centric systems of systems. As discussed in [25], these are necessarily software-intensive systems of systems (SISOS), and have tremendous opportunities for success and equally tremendous risks of failure. Examples of successes have been Federal Express, Frito-Lay, and Wal-Mart; examples of failures have been the Confirm travel reservation system, K-Mart, and the U.S. Advanced Automation System for air traffic control.

2.5.1 Software Process Implications

Our work in supporting SISOS development programs has shown that the use of a risk-driven spiral process with early attention to SISOS risks and systems architecting methods [43] can avoid many of the SISOS development pitfalls [7]. A prioritized list of the top ten SISOS risks we have encountered includes several of the trends we have been discussing: (1) acquisition management and staffing; (2) requirements/architecture feasibility; (3) achievable software schedules; (4) supplier integration; (5) adaptation to rapid change; (6) software quality factor achievability; (7) product integration and electronic upgrade; (8) software COTS and reuse feasibility; (9) external interoperability; and (10) technology readiness.

In applying risk management to this set of risks, the outlines of a hybrid plan-driven/agile process for developing SISOS are emerging. In order to keep SISOS developments from becoming destabilized from large amounts of change traffic, it's important to organize development into plan-driven increments in which the suppliers develop to interface specs that are kept stable by deferring changes, so that the systems can plug and play at the end of the increment (nobody has yet figured out how to do daily builds for these kinds of systems).  But for the next increment to hit the ground running, an extremely agile team needs to be concurrently doing continuous market, competition, and technology watch, change impact analysis, COTS refresh, and renegotiation of the next increment's prioritized content and the interfaces between the suppliers' next-increment interface specs.  This requires new approaches not just to process management, but also to staffing and contracting, which SISOS programs are in the process of wrestling with.

2.6 COTS, Reuse, and Legacy Integration Challenges

A recent ACM Communications editorial stated, “In the end – and at the beginning –  it’s all about programming.” [13]. Future trends are making this decreasingly true. Although infrastructure software developers will continue to spend most of their time programming, most application software developers are spending more and more of their time assessing, tailoring, and integrating COTS products.

Figure 3 illustrates these trends for a longitudinal sample of small e-services applications going from 28% COTS-intensive in 1996-97 to 70% COTS-intensive in 2001-2002, plus an additional industry-wide 54% COTS-based applications (CBAs) in the 2000 Standish Group survey [44, 46]. COTS products are particularly challenging to integrate. They are opaque and hard to debug. They are often incompatible with each other due to the need for competitive differentiation. They are uncontrollably evolving, averaging about to 10 months between new releases, and generally unsupported by their vendors after 3 subsequent releases. These latter statistics are a caution to organizations outsourcing applications with long gestation periods. In one case, we observed an outsourced application with 120 COTS products, 46% of which were delivered in a vendor-unsupported state [46].
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Figure 3 CBA Growth in USC E-Service Projects (  *Standish Group, Extreme Chaos (2000)

Open source software, or an organization’s reused or legacy software, is less opaque and less likely to go unsupported. But these can also have problems with interoperability and continuing evolution. In addition, they often place constraints on a new application’s incremental development, as the existing software needs to be decomposable to fit the new increments’ content and interfaces. Across the maintenance life cycle, synchronized refresh of a large number of continually evolving COTS, open source, reused, and legacy software becomes a major additional challenge.

In terms of the trends discussed above, COTS, open source, reused, and legacy software will often have shortfalls in usability, dependability, interoperability, and localizability to different countries and cultures. As discussed above, increasing customer pressures for COTS usability, dependability, and interoperability, along with enterprise architecture initiatives, will reduce these shortfalls to some extent.

2.6.1 Software Process Implications

COTS economics generally makes sequential waterfall processes (in which the prespecified requirements determine the capabilities) incompatible with COTS-based solutions (in which the COTS capabilities largely determine the requirements; it’s not a requirement if you can’t afford it). Some initial COTS-based applications (CBA) development processes are emerging. Some are based on composable process elements covering the major sources of CBA effort (assessment, tailoring, and glue code integration) [46, 47]. Others are oriented around the major functions involved in CBA’s, such as the SEI EPIC process [1].

However, there are still major challenges for the future, such as processes for synchronized multi-COTS refresh across the life-cycle; processes for enterprise-level and systems-of-systems COTS, open source, reuse, and legacy evolution; and processes and techniques to compensate for shortfalls in multi-COTS usability, dependability, and interoperability.

2.7 Computational Plenty Trends

Assuming that Moore’s Law holds, another 20 years of doubling computing element performance every 18 months will lead to a performance improvement factor of 220/1.5 = 213.33 = 10,000 by 2005. Similar factors will apply to the size and power consumption of the competing elements.

This computational plenty will spawn new types of platforms (smart dust, smart paint, smart materials, nanotechnology, micro electrical-mechanical systems: MEMS), and new types of applications (sensor networks, conformable or adaptive materials, human prosthetics). These will present process-related challenges for specifying their configurations and behavior; generating the resulting applications; verifying and validating their capabilities, performance, and dependability; and integrating them into even more complex systems of systems.

2.7.1 Potential Process Benefits

Besides new challenges, though, computational plenty will enable new and more powerful process-related approaches. It will enable new and more powerful self-monitoring software and computing via on-chip co-processors for assertion checking, trend analysis, intrusion detection, or verifying proof-carrying code. It will enable higher levels of abstraction, such as pattern-oriented programming, multi-aspect oriented programming, domain-oriented visual component assembly, and programming by example with expert feedback on missing portions. It will enable simpler brute-force solutions such as exhaustive case evaluation vs. complex logic.

It will also enable more powerful software tools that provide feedback to developers based on domain knowledge, programming knowledge, or management knowledge. It will enable the equivalent of seat belts and air bags for user-programmers. It will support show-and-tell documentation and much more powerful program query and data mining techniques. It will support realistic virtual game-oriented software engineering education and training. On balance, the added benefits of computational plenty should significantly outweigh the added challenges.

2.8 Wild Cards: Autonomy and Bio-Computing

“Autonomy” covers technology advancements that use computational plenty to enable computers and software to autonomously evaluate situations and determine best-possible courses of action. Examples include:

· Cooperative intelligent agents that assess situations, analyze trends, and cooperatively negotiate to determine best available courses of action.

· Autonomic software, that uses adaptive control techniques to reconfigure itself to cope with changing situations.

· Machine learning techniques, that construct and test alternative situation models and converge on versions of models that will best guide system behavior

· Extensions of robots at conventional-to-nanotechnology scales empowered with autonomy capabilities such as the above.

Combinations of biology and computing include:

· Biology-based computing, that uses biological or molecular phenomena to solve computational problems beyond the reach of silicon-based technology.

· Computing-based enhancement of human physical or mental capabilities, perhaps embedded in or attached to human bodies or serving as alternate robotic hosts for (portions of) human bodies.

Examples of books describing these capabilities are Kurzweil’s The Age of Spiritual Machines [33] and Drexler’s books Engines of Creation and Unbounding the Future: The Nanotechnology Revolution [14, 15]. They identify major benefits that can potentially be derived from such capabilities, such as artificial labor, human shortfall compensation (the five senses, healing, life span, and new capabilities for enjoyment or self-actualization), adaptive control of the environment, or redesigning the world to avoid current problems and create new opportunities.

On the other hand, these books and other sources such as Dyson’s Darwin Among the Machines: The Evolution of Global Intelligence [18] and Joy’s article, “Why the Future Doesn’t Need Us” [32], identify major failure modes that can result from attempts to redesign the world, such as loss of human primacy over computers, overempowerment of humans, and irreversible effects such as plagues or biological dominance of artificial species. From a software process standpoint, processes will be needed to cope with autonomy software failure modes such as undebuggable self-modified software, adaptive control instability, interacting agent commitments with unintended consequences, and commonsense reasoning failures.

As discussed in Dreyfus and Dreyfus’ Mind Over Machine [16], the track record of artificial intelligence predictions shows that it is easy to overestimate the rate of AI progress. But a good deal of AI technology is usefully at work today and, as we have seen with the Internet and World Wide Web, it is also easy to underestimate rates of IT progress as well. It is likely that the more ambitious predictions above will not take place by 2025, but it is more important to keep both the positive and negative potentials in mind in risk-driven experimentation with emerging capabilities in these wild-card areas between now and 2025.

3. Limitations to Software Process Perfectibility

Some of the negative wild-card scenarios above indicate that achieving perfectibility of software engineering and its processes will be difficult. Here are some other limitations that bound such expectations.

Brooks’ Four Essentials Plus Two – Brooks’ “No Silver Bullet” article and its update in [11] identify four “essential” (vs. “accidental”) difficulties making it unlikely that a “silver bullet” solution for software development will be found. These four difficulties and their recent trends are: complexity (growing with larger COTS components, systems of systems, and the needs for competitive differentiation); conformity (growing with the increased needs for dependability and interoperability); changeability (growing with the increasing pace of technology, marketplace, and competitor changes); and invisibility (causing more difficulties due to COTS opacity and increases in complexity). For 21st century software, two further essential difficulties involve the centrality of software (its criticality to products and services, and to stakeholders’ power bases) and the need for community-oriented products and processes (compounded by globalization, multiple cultures, and unfamiliar new models of electronic collaboration). Silver bullet solutions look even less likely as we consider these trends and the addition complexity problems with wild-card technologies.

Lampson’s Continuing Software Crisis [34] – Lampson points out three reasons why the software crisis will always be with us: (1) Moore’s Law enables the feasibility of new applications, requiring new and often complex software; (2) It is easier to handle complexity via software as compared to elsewhere, making it good engineering practice to address system complexities via software; and (3) Physical laws impose few limits on software applications, making it easy to overreach with proposed software solutions.

Conway’s Law and Its Converse – Conway’s Law [12] and its extension to user organizations states that, “The structure of a computer program reflects the structure of the organizations that build and use it.” Its converse states that, “We will learn how to build perfectly functioning software as soon as we learn how to build perfectly functioning organizations.” It is not likely that this will happen by 2025, or for some time thereafter.

4. Areas of Significant Research and Education Needs

4.1 Software Process Research Needs

These research needs are roughly prioritized by strengths of needs, based on the results of USC-CSE workshops with its industry and government affiliates.

1. Lean, Hybrid Processes for Balancing Dependability and Agility. The trends in simultaneous need for high dependability in Section 2.2 and high agility in Section 2.3 dominate here. Additional concerns for special cases are the additional need for scalability and incrementality for large, software-intensive systems of systems involving COTS and legacy systems as discussed in Sections 2.5 and 2.6; and the needs to address multi-location and multi-cultural development as discussed in Section 2.4. Using a value-risk-based approach as discussed in Section 2.1 is an attractive approach option. Other specific concerns are metrics for gauging progress during concurrent engineering, and performing concurrent engineering of multiple quality attributes.

2. Integrated Technical and Acquisition Processes. As discussed in Section 2.3, improvements in administrative and contracting processes tend to lag behind improvements in technical processes, causing the technical process to become overconstrained and unstable. Again, balancing dependability and agility is important, and the ability to administer and incentivize collaborative efforts that are performing concurrent plan-driven increments and agile next-increment preparation across multiple supplier chains as discussed in Section 2.5.1 are important.

3. Empirically-Evolved Process Languages, Methods, Metrics Models, and Tools. The need for such capabilities to be incremental and ambiguity tolerant, and to allow for incomplete, informal, and partial specifications are important, as are techniques for bridging gaps between less and more formal specifications and gaps or inconsistencies across life cycle phases or suppliers. The use of empirical evaluation testbeds to accelerate maturity and transition of research results, and to support collection of baseline process data for evaluating improvement priorities is important as well. A further attractive avenue is the development of capabilities to capitalize on computational plenty, as discussed in Section 2.7. The empirical framework could also be extended to monitor and evaluate progress and risk areas in the wild card autonomy and bio-computing areas.

4. Virtual Process Collaboration Support. Shifting the GUI focus from individual performance to distributed team, multi-stakeholder, and multi-cultural collaboration is a significant need, as discussed in Section 2.1.1 and 2.4.1.

5. Game Technology for Process Education and Training. Game engines complemented by virtual reality modeling and simulation have become tremendously powerful, and provide an excellent support base for developing “acquire and develop the way you train; train the way you acquire and develop” capabilities.

4.2 Software Process Education Needs

Some key skills much in demand are combinations of computer science and applications domain skills; COTS assessment, tailoring, and integration skills; stakeholder teambuilding and negotiation skills; combinations of technical and acquisition skills; and education in technologies emerging from the research areas above. Real-client project courses are the strongest mechanism for these kinds of education. The game technology discussed above will become a valuable addition to both education and training.

As discussed in Section 2.3.1, the most important future educational need is the need to learn how to learn.

5. Conclusions

In response to increasing demands being put on software-intensive systems, software processes will evolve significantly over the next two decades. The basic vocabulary will be different, with “goals” and “objectives” replacing such terms as “requirements”, and “system evolution” replacing “software maintenance”. Value-neutral methods will be largely replaced by value-based methods. The diversity of system stakeholders and values will increase the emphasis on collaborative processes to resolve multidimensional decision issues. Essential practices and skills will increasingly emphasize the integration of software engineering and systems engineering; the ability to integrate software components in place of traditional programming in most software development areas; and the accomplishment of most software development via user programming. The most important skill of all as the pace of change continues to accelerate will be the skill of learning how to learn.

Although perfectibility of software processes is unlikely, there are a number of software process research and education initiatives that would generate a high return on investment in meeting future IT challenges with better software solutions.
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