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Abstract. System stakeholders responsible for defining, delivering, and commissioning engineered 
systems often work in resource-constrained environments.  This means that it is not always possible 
to apply systems engineering processes as comprehensively as practitioners would like.  The question 
then becomes where and when best to allocate systems engineering resources to maximize project 
success. A review paper that analyzed lessons learned twenty years ago highlighted inadequate 
early-phase systems engineering effort as a major cause of project issues. This paper opens with a 
discussion of this review material and progresses to review contemporary materials.  The conclusion 
drawn is that the quality of early-phase systems engineering is as vital as ever to project success and 
that the recommended levels of expenditure on SE are unchanged. The newer work, however, 
provides us with important new information: guidance on the sorts of activities that provide the 
greatest payoff in the early stages of the lifecycle and what proportion of the SE budget should be 
allocated to each major area of activity. The foremost areas to resource are mission definition and 
project scoping, with systems architecting, technical analysis, and system design also featuring 
prominently. Requirements also features but not in terms of volume of effort rather in terms of the 
need to use good systems engineering and analysis to translate the high-level originating needs (that 
rarely change) into the detailed technical requirements. Model-based approaches are claimed to 
much better support early-stage SE than older, document-based approaches.  

Introduction 

Those of us who are active in the SE community and are accustomed to applying Systems 
Engineering (SE) principles and practices to large, complex, technical projects find it hard to 
envisage tackling a substantial project without a well-established SE framework and associated set of 
processes, methods, tools, and techniques. However, there are an increasing number of project staff 
who have not had the benefit of a formation encompassing engineering design and development and 
have not been exposed to the maturation of SE over the decades. Quite reasonably, they need to be 
convinced of the value of using a rigorous approach with its concomitant investment to produce a 
task-appropriate set of SE process products (models, architectures, plans, design artefacts, 
documents, etc.), especially for smaller projects. 

This paper sets out to identify the success factors for applying SE and the value SE adds to a project, 
particularly in the early phases of the system life cycle. To investigate the degree to which the SE 
success factors are enduring, the paper commences with an examination of a lessons-learned paper 
written 20 years ago to discern not just the SE success factors but also the prevailing SE worldview 
and application context. Next, we describe the contemporary SE context and review the lessons 
published over the intervening period. The findings from the two reviews are then compared from 
which contemporary guidance for practitioners is synthesised. 



 

Historical Context 

SE arose as a discipline in the telecommunications, defence, and aerospace sectors following the 
Second World War in response to the increasing cost and technical complexity of developmental 
acquisition programs in the 1950s and 1960s.  M’Pherson (1980) states that by the 1970s, SE was 
perceived to be a successful methodology for handling the technical and managerial complexity of 
these large projects, and that some of this recognition was no doubt due to large project failures that 
could have been avoided or at least mitigated had SE been employed.  Cook (2000) states that in the 
1990s, SE received increased attention as ways were sought to reverse the trend of increasing project 
failure, particularly in large software-intensive systems.  He also commented on the increasing trend 
towards applying SE to a wider range of industries. 

The trajectory of the development of SE was strongly influenced by the cancellation of many US 
military standards in the mid-1990s which heralded the production of domain-independent standards 
such as ANSI/EIA-632, which was released in 1999, that were more strongly driven by industry 
concepts of best practice. The 1990s also saw the rise of capability maturity models (Sheard and 
Lake, 1998). This was a period when, in the eyes of many, good SE equated to working within a 
framework embodying high levels of process maturity. 

The theme of Cook’s paper was that as important as adherence to sound technical practices is to good 
project outcomes, in itself, this is not sufficient to ensure success.  He stated that SE does not exist in 
isolation to the culture of the organization and that project environments exist within enterprise 
environments and national and international legal frameworks as described by ANSI/EIA-632. Cook 
stated that SE is only one of a number of systems methodologies that can be used to tackle systems 
problems and while he considered it to be the most comprehensive and best suited for large, complex, 
technical projects, he also stated that it had known limitations. He stated that these arose because SE 
can be considered to be a hard systems methodology: one where the methods of science, engineering 
and mathematical analysis underpin the problem-solving approach.  SE is known to work well when 
the following conditions are met (Cook et al., 1998): 

 systems objectives can be defined at the very beginning of the project; 

 all parties can envisage the expected system solution; 

 the process can be summarised as moving the system in question from its initial condition to a 
pre-defined end state; 

 the environment (technology, organisational, social policy) is stable; and 

 objectives are shared among stakeholders. 

He stated that when some of these conditions are not met, then supplementary approaches are needed.  
Some of these are extrapolations of traditional practice while others are based on the alternative 
methods of reasoning found in the soft sciences.  These can be useful because they:  

 have a primary interest is in changing organisational culture and gaining commitment from 
participants to a particular course of action; 

 recognise the importance of values, beliefs and philosophies; 

 use an interpretive approach to tackle problems that inherently encompasses the above; and 

 inherently recognise that the engineering element to be delivered is realistically only one part 
of the systems that operate, sustain and evolve the system of interest. 

Cook stated that soft system methodologies were gaining popularity for systems developments; 
particularly for those information systems that impact on the way an organisation conducts its 
business and consequently its internal organisation and power structure.  He further suggested that: 



 

 soft systems methodologies do not replace SE methods but can augment them to better 
achieve certain goals such as improved requirements elicitation, stakeholder support, user 
acceptance, and management effectiveness; 

 SE can also be considered as a (human activity) system in its own right: one that creates, 
modifies and supports, large, complex, technical systems; 

 SE should not be considered merely as a set of procedures to be followed; instead, it should be 
thought of as a way of thinking that encompasses competencies and processes that can be 
invoked as needed, each of which can be achieved through a range of methods; and, finally  

 an important aspect of SE practice is the selection and tailoring of processes to suit.  

Findings from Early Lessons Learned 

Adherence to Established SE Practices 

NASA (1989) identifies a broad range of mistakes that have been made repeatedly in complex 
technical projects, some of the more salient ones being: 

 insufficient attention paid to the effect of mission operations on design requirements; 

 requirements deficiencies, lack of clear definition of requirements early in the system design 
phase, requirements not supported by analysis; 

 poorly defined technical interfaces between sub-systems reflecting poor understanding of 
interface requirements and outdated interface documentation; 

 inadequate test planning during the system design phase, including inadequate consideration 
of system testability; and 

 failure to think the design through to completion of integration. 

The NASA study remarks that each of these could have been ameliorated by following traditional SE 
principles and practice as espoused from the early 1980s onward (see for example DSMC (1983)). 

Moody et al. (1997) examined aircraft developments to produce the graph in Figure 1 that shows that 
project performance (based on technical, cost and schedule performance) is positively correlated 
with SE fundamentals (based on the adequacy of a number of well-established SE activities, good 
requirements engineering, sound architectural design, thorough design reviews, rigorous systems 
analysis, and trade-offs). 

 
Figure 1. Project performance score versus systems engineering fundamentals (Moody et al., 1997). 



 

Investment in Early-Phase SE 

An important lesson from NASA at that time is that if the expenditure on the system design phases 
(up to and including the preliminary design phase) is less than 5% of the estimated cost of the project, 
very significant cost and schedule overruns can be expected; see Figure 2 from NASA (1995).  This 
percentage appeared elsewhere in the SE literature (M’Pherson, 1980; DSMC, 1983). Furthermore, 
one of the tenets of the Downey procedures, employed by the UK Ministry of Defence since the late 
1960s, is that ‘up to 15% of the estimated total development cost may need to be spent on project 
definition in order to reduce risk’ (DERA, 1996).  Perhaps, not surprisingly, the same source remarks 
that such investment rarely occurs in practice and cites this as one reason for disappointing project 
outcomes. 

 
Figure 2. Cost overrun versus total project expenditure in system design phases (NASA, 1995). 

Furthermore, Cook pointed out that this investment must be in actually conducting and completing 
the appropriate SE tasks (see, say Blanchard and Fabrycky, 1998) to properly inform 
decision-making, not simply to create process products (that, in our experience, are, too often, not 
based on a solid foundation of system design and analysis) to satisfy contractual conditions. 

Project Slippage is to be Expected 

The UK National Audit Office 1997 Review showed that the top 25 Ministry of Defence major 
equipment programs had an average slippage of 35 to 40 months and an annual cost growth of 7% to 
9%. Projects missed, on average, 40% of program milestones and 10% of projects failed to meet key 
technical requirements. The Learning from Experience initiative identified the major shortcomings 
as being: 

 ineffective co-operation between stakeholders; 

 over-optimism in predicting time and cost; 

 insufficient appreciation of technical and commercial risk; 

 ineffective incentivisation of suppliers; and 

 insufficient investment at the project initiation stage. 

It is interesting to note that the UK experience reported above, in particular, project slippage, was 
very similar to that reported by the US Congress for US Defense projects (Augustine, 1983). 

Acquisition Improvement 

Cook (2000) discussed the UK Ministry of Defence Smart Procurement policy (MoD, 1999) that was 
introduced just before the paper was written.  This built upon the Downey principles from the 1960s 
and aimed to introduce a through-life systems approach to procurement, allied to improved 
commercial practices and measures related to personnel, training, and information systems with: 



 

 a formal Project Initialisation Phase to replace the Pre-Feasibility Phase of the Downey 
cycle, the intention being to engage stakeholders and establish an applied research program; 

 co-operative stakeholder involvement with a focus on elimination of organisational and 
non-constructive interfaces between stakeholders; 

 concurrency and enlightened approval strategies; 

 improved requirements management termed Smart Requirements that calls for the evolution 
of the User Requirements Document in parallel with System Requirements Document; 

 improved estimating and predicting; and 

 incremental acquisition. 

Smart Procurement also encompassed improving commercial practices and paid attention to 
personnel skilling, uniform information management, benchmarking and continuous business 
improvement. 

Thus, Smart Procurement was quite holistic and addressed a broad range of acquisition processes and 
enablers hence dealing with both the hard and the soft issues. Importantly, the UK Ministry of 
Defence was refining their SE and project management processes to reflect contemporary systems 
and management thinking and not abandoning them. 

Software Projects Exhibit Low Success Rates 

Cook (2000) cited Jackson (1997) who drew on a survey of the outcomes of UK information 
technology investments across 14,000 organisations.  Jackson stated that: 

 80% to 90% of systems did not meet their goals; 

 about 80% were delivered late and over-budget; 

 around 40% of developments failed or were abandoned; 

 under 40% addressed training and skills requirements; 

 less than 25% fully integrated business and technology objectives; and 

 only 10% to 20% met their success criteria. 

This data was reinforced by The Standish Group (1995) research that undertook a similar study in the 
USA that received responses from 365 organisations covering some 8,380 applications across 
banking, securities, manufacturing, retail, wholesale, health care, insurance, services and local, state 
and federal organisations. These were categorised by outcome as shown in Table 1. 

Table 1. Project outcomes from The Standish Group (1995). 

Outcome Description 
Percentage 
of projects 

Type 1  
Project success 

Project completed on time, on budget, with all features and func-
tions as initially specified. 

16.2 % 

Type 2  
Project challenged 

Project completed but over budget, over time, with fewer features 
and functions than initially specified. 

52.7 % 

Type 3  
Project impaired 

The project was cancelled at some point during the development 
cycle. 

31.1 % 

Usefully, the Standish report also offered some analysis on the reasons for projects failing and used 
this to produce a Success Criteria Metric that can be used to establish probable project success; see 
Table 2. The score shown in the points column of Table 2 was derived directly from survey responses 
and relates to the percentage of projects where this criterion determined the fate of the project; soft 
issues dominate the success criteria. 



 
 

Table 2. Standish project success potential metric  
(The Standish Group, 1995). 

Index Success criteria Points 

/1 User involvement 19 

2 Executive management support 16 

3 Clear statement of requirements 15 

4 Proper planning 11 

5 Realistic expectations 10 

6 Smaller project milestones 9 

7 Competent staff 8 

8 Ownership 6 

9 Clear vision & objectives 3 

10 Hard-working, focused staff 3 

TOTAL 100 

In addition to the survey reported above, The Standish Group conducted interviews with various 
managers to shed further light on why projects were beset with problems. While most comments 
echoed the findings of the survey, the problem of competing priorities emerged as an important issue, 
particularly when this stemmed from an un-resourced re-organisation activity. 

Cook (2000) drew on a paper by Gabrig (1993) that reports a similar situation for US Federal 
Government Software contracts.  Gabrig highlights the following points: 

1. when using the waterfall model, a failure in any phase propagates through to the end; 

2. be vigilant in trapping faults in the review processes; 

3. follow the established procedures and, in particular, get the requirements correct; 

4. use well established software suppliers who have experience in projects of similar size, 
complexity and type; and 

5. fixed-price contracts have a detrimental effect on the ability of the parties to work as a team 
and hence on the value of the final product. 

Cook reported that the first three points were addressed at the time by sound systems and software 
engineering practice (Sommerville, 1996).  Similarly, the fourth point had been well-established in 
quality management practice by 1999 but was overridden by other factors in government 
procurement. The last paragraph of Gabrig’s paper provides his key insight: 

“Perhaps the foremost lesson learned by the Federal government has been that without a disciplined 
and methodical approach to software development, a large project can easily degenerate into an 
amorphous and overwhelming task.” 

Key SE Success Factors Identified in the 1990s 

The findings from Cook (2000) salient to practice improvement are as follows: 

1. Adhere to SE principles and practices; this will save money. Many troubled projects cite 
reasons for their difficulties that could have been avoided had SE been appropriately applied. 
Thus, systems and software engineering are a good investment and the organisation should 
develop an environment whereby their use and improvement becomes part of the work cul-
ture.  Employment of processes that encapsulate soft systems approaches will encourage user 
involvement, executive management support, and widespread stakeholder buy-in. 



 

2. Invest in SE in the early design phases (5% to 15% of project cost1) because allocating re-
sources here is highly correlated with project success. 

3. Prioritise user and other stakeholder engagement throughout the life of a project.  Soft sys-
tems precepts can really help here. 

4. Focus on stakeholder project goals, user needs, and project requirements.  These need to be 
clear, traceable, and testable and be managed to deal with inevitable evolution and change. 

5. Take a whole-of-life perspective to SE practice. 

6. Select suppliers with demonstrated capability honed on projects of a similar scale and com-
plexity; failure to heed this advice has been the cause of many project difficulties. 

7. Attention to interface definition and management is vital for project success. 

8. Plan system assurance (design assurance, verification and validation, and test and evaluation) 
in the conceptual design phase to ensure that what the users consider to be important to the 
success of the system is actually evaluated. 

Contemporary Context 

Sillitto (2018) provides a new definition of SE that has been produced by the INCOSE Fellows: 

“Systems engineering is a transdisciplinary approach that applies systems principles and concepts to 
enable the successful realization and use of engineered systems and whole-system solutions.” 

He then explains that the move to the new definition had four major drivers: 

1. The need for a paradigm shift in the governing assumption about SE: the need to move away 
from ‘SE takes charge’ towards ‘SE facilitates effective collaboration’. 

2. The shift in focus from the upfront definition of ‘controlled’ systems operating in determin-
istic scenarios, towards ‘learning and evolving’ systems (which might be autonomous) op-
erating in changing and non-deterministic environments, hence the emphasis on ‘purpose and 
success criteria’, before ‘needs and functionality’. 

3. The need for SE to allow for market-driven as well as customer-driven development, so SE 
may be working with ‘anticipated’ rather than ‘actual’ customer needs and functionality. 

4. Recognition that SE should be transdisciplinary (Rousseau et al, 2018) rather than merely 
interdisciplinary. 

Many of these drivers for change arise from newer practices such as System of Systems Engineering 
(SoSE) which operate on systems challenges that do not adhere to the pre-conditions for successful 
traditional SE described earlier.  Indeed, the drivers for change are well aligned with the principles 
that inform successful SoSE practice (Pratt and Cook, 2017).  Furthermore, the drivers to move to the 
new definition reinforce the need to employ broadly-based systems approaches that pull on 
interpretive as well as functionalist practices and underpinning frameworks of ideas. 

The trends in the development of SE standards since 1999 also reinforce the broadening of SE over 
the years.  The latest iteration of ISO/IEC/IEEE 15288 (2015) introduced the Business or Mission 
Analysis Process that is intended to precede the Stakeholder Needs and Requirements Definition 
Process. ISO/IEC/IEEE 15288 (2015) states that the purpose of the new process is to: 

“… define the business or mission problem or opportunity, characterise the solution space, and de-
termine potential solution class(es) that could address a problem or take advantage of an opportunity.” 

 
1  Project cost in this context is the cost to produce the first fully-commissioned product or systems not the cost of the 

entire quantity of products or systems to be delivered by the project. 



 

Thus, the standard recognises that SE needs to encompass the sorts of soft system challenges 
associated with business analysis and improvement.  Over the years, the standards have also more 
strongly emphasised the need and expectations for stakeholder engagement.  It is now widely 
understood that a statement of project objectives and a high-level user needs document are the 
outputs of systemic practice, not the starting point. 

Additional Data 

Further Evidence to Support Substantial SE Expenditure in Early Project Phases 

Additional information was collected through a literature review and through the exposure of the 
authors to various materials developed over the intervening years.  The literature review does not 
claim to be exhaustive, one reason for this is that there is a large number of nuggets in acquisition 
guidance, company SE documentation, text books, handbooks, and reports that do not appear when 
searching on the topic area. 

The Australian Department of Defence (Kinnaird et al., 2003) reflected the need for considerable 
early-phase SE expenditure: ‘In our view, complex projects may require that up to 10% to 15% of 
project funds be spent before approval to proceed to tender.’ 

Perhaps the most influential work on SE return on investment is by Honour (2013) that reports on 
research performed over a 15-year period. Figure 3 illustrates his findings on SE effort versus cost 
overrun from a survey of 43 projects of varying sizes in the USA, Israel, and Australia.  This result 
mirrors the result from NASA (1995). 

 
Figure 3. Correlation of cost overrun versus SE effort (Honour, 2013). 

There are three points worth noting from this research: 

1. The return on investment can be determined from the slope of the graph: ROISE = -Δ Actual / 
Planned Expenditure / Δ SE Effort. If levels of investment in SE are low, this return is more 
than ten times, whereas in the worst case, where there is already substantial investment in SE, 
there is no additional return on investment but also no loss either since this expenditure 
profile amounts to bringing work forward. 

2. Simply spending money on SE is not enough; the quality of SE work is crucial and hence 
Honour has corrected the curve to reflect this, because not surprisingly, experienced 



 

specialists can be expected to do a much better job for a given sum than generalists taking on 
a new challenge such as requirements engineering or architectural design. 

3. Project costs relate to the cost up until the acceptance into service of the first production item 
not to the fleet costs. Hence, for something like a single satellite or radar system, the SE cost 
is a much higher proportion of the project cost than for a fleet of ships or vehicles. 

Honour’s result is not surprising because it has long been known that the cost to extract project 
defects increases dramatically as the project progresses as shown in Figure 4 extracted from the 
INCOSE Systems Engineering Handbook (INCOSE, 2015; p14) that was sourced from a US Defense 
Acquisition University publication in 1993.  Clearly, getting the conceptual design bedded down 
well, given the high level of committed cost, is a winning strategy. 

 
Figure 4. Committed life cycle cost against time that illustrates increasing cost  

of extracting defects with time (INCOSE, 2015, from DAU, 1993). 

Elm and Goldenson (2012) present a business case for SE based on a survey of 148 projects.  Their 
results showed a very strong relationship between the application of SE best practices and the 
performance of projects. Figure 5 shows the overall result in the form of a mosaic chart.  

 
Figure 5. Project performance versus total SE capability (SEC) (Elm and Goldenson, 2012). 



 

To produce this chart, the total number of projects was broken into three approximately equal groups 
based on a ranking of project performance and the SE Capability was also broken into three equal 
groups based on a ranking of the quantity and quality of the SE applied to each project.  The chart 
indicates that there is a very strong statistical relationship between the two quantities (Gamma > 0.4 
indicates that there is a very strong relationship between the two variables, whereas the p-value, in 
simple terms, is the probability that the observed relationship is likely to occur by chance alone).  The 
percentage of projects delivering higher performance increased from 15% to 57% as the total SE 
capability increased and this is accompanied by a similar decrease in lower-performing projects. 

When the data set was divided by how challenging each project was considered2, it become clear that 
there is an even stronger relationship between the level of SE capability and project outcome for 
more challenging projects. Indeed, the data infers that there is only an 8% chance that a high 
challenge project will find itself in the higher performing category if the project employs the lowest 
band of SE capability; see Figure 6. 

 
Figure 6. Project performance versus total SE capability categorized by project challenge 

(Elm and Goldenson (2012)). 

Elm and Goldenson conclude from the results presented that: 

“Projects that properly apply systems engineering best practices perform better than projects that do 
not.”  

Further supporting evidence for this conclusion can be found in the current version of the Defense 
Acquisition Guidebook (DAU, 2017) that cites recent research from the US Government 
Accountability Office (GAO, 2016): 

“Systems engineering is the primary means for determining whether and how the challenge posed by a 
program’s requirements can be met with available resources. It is a disciplined learning process that 
translates capability requirements into specific design features and thus identifies key risks to be re-
solved. Our prior best practices work has indicated that if detailed systems engineering is done before 
the start of product development, the program can resolve these risks through trade-offs and additional 
investments …”  

 
2  See Elm and Goldenson (2012, Appendix D) for the definition of Project Challenge that incorporates a range of 

factors that make projects more difficult to execute. 



 

Other GAO reports provide corroborating advice and explicitly reinforce that the use of model-based 
approaches to SE is highly correlated with good project outcomes:  

“Positive acquisition outcomes require the use of a knowledge-based approach to product development 
that demonstrates high levels of knowledge before significant commitments are made. In essence, 
knowledge supplants risk over time.” (GAO, 2012) 

Furthermore, GAO (2015) analysed 78 projects to form the view that cost, schedule and performance 
issues in projects stem not from requirement creep per se, because the high-level requirements rarely 
changed, but from not enough SE before acquisition to properly understand the capability needs and 
translate these into detailed technical requirements. 

Evidence to Support the Allocation of SE Effort 

Elm and Goldenson investigated which SE capability elements were most strongly correlated with 
project success; see Table 3. Many of these are strongly represented in early-phase SE, for example 
project planning, requirements development (which includes mission definition), and product 
architectural design. 

Table 3. Correlation of SE Capability Elements with Project Success  
(adapted from Elm & Goldenson, 2012). 

Driver Correlation 

Total deployed SE +0.49  Very strong positive 

Project planning +0.46  Very strong positive 

Requirements development and management +0.44  Very strong positive 

Verification +0.43  Very strong positive 

Product architecture +0.41  Very strong positive 

Configuration management +0.38  Strong positive 

Trade studies +0.38  Strong positive 

Project monitoring and control +0.38  Strong positive 

Product integration +0.33  Strong positive 

Validation +0.33  Strong positive 

Risk management +0.21  Moderate positive 

Integrated product team realization +0.18  Weak positive 

SE is practiced by both acquiring organisations and supplying organisations, so it is important to 
understand where an acquiring organisation should invest its resources in the early lifecycle stages. 
Honour’s work provides valuable insights from a second data set of 53 projects collected for this 
purpose: 

 Table 4 displays the calculated optimal levels of SE activities for a median program, based on 
the prediction methodology Honour describes, and 

 Figure 7 illustrates his analysis of phasing of SE expenditure across the system life cycle for 
successful projects versus poor projects. 



 

Table 4. Optimal investment in SE activities for median projects (Honour, 2013, Chapter 5).3 

SE activity Investment 

Optimal total SE investment 14.4%  

Mission / Purpose Definition (MD) 1.3% 

Requirements Engineering (RE) 2.0% 

System Architecting (SA) 3.9% 

System Integration (SI) 2.8% 

Verification and Validation (VV) 2.4% 

Technical Analysis (TA) 1.8% 

Scope Management (SM) 1.4% 

Technical Management / Leadership (TM) 3.9% 

 
Figure 7. SE spending profile over time for successful and poor programs (Honour, 2010). 

 
3  Honour notes that the sum of investments listed in Table 4 is somewhat greater than the optimal total SE investment of 

14.4% because, firstly, calculation for each SE activity is independent of the others as it represents the optimization of 
an activity in isolation; and, secondly, optimizing for a single SE activity is not optimum for total project SE. 



 

This analysis shows that successful projects spend a much higher proportion of their budget on 
mission definition (Why do we need it? How will we use it?) than poor projects. In contrast, the poor 
projects spend far more on fixing the subsequent problems with disproportionately large expenditure 
on extended systems integration. 

The various research results emphasising the benefits of early-stage investment in SE have been 
distilled into practice guidance by, for example, the US National Research Council (2008) which 
published a comprehensive checklist for early-stage SE activities covering: 

 Concepts of Operations (CONOPS); 

 Key Performance Parameters (KPPs); 

 concept development; 

 architecture development; 

 performance assessment; 

 cost and schedule scoping; 

 risk assessment; and 

 implementation strategy. 

All these activities require the application of solid SE practices in the early phases of a project. 

The work on the design of constructive costs models pioneered by the University of Southern 
California for software engineering (CoCoMo), which was substantially revised around 20 years ago 
(Boehm et al., 2000), and SE (CoSysMo) (Valerdi, 2005) has identified that the ideal level of effort in 
architectural design and risk resolution is a function of software size. For example, Figure 8 extracted 
from Boehm et al. (2008) indicates that the percentage of schedule that should be allocated to initial 
architecture and risk reduction is a strong function of project size. Similarly, the CoSysMo model has 
many calibration factors related to such aspects as project complexity and requirements volatility. 

 
Figure 8. Schedule sweet spots for early investment versus software size (Boehm et al., 2008). 



 

Consistency of Findings Over Time 

Table 5 comments on how well the more recent research supports the success factors derived from 
Cook (2000). 

Table 5. Support for earlier success factors stated by Cook (2000). 

Success Factor Comment 

Adhere to systems engineering principles and practices; 
this will save money. 

Solidly supported by recent quantitative evidence from 
Honour (2010, 2013) and Elm and Goldenson (2012). 

Invest in SE in the early design phases. 
Solidly supported by recent quantitative evidence (see 
above).  

Prioritize user and other stakeholder engagement 
throughout the life of a project. 

Now embedded in ISO/IEC/IEEE 15288:2015.  This is 
a key principle of the Incremental Commitment Spiral 
Model of SE (Boehm, et al., 2014) that states: A system 
will succeed if and only if it makes winners of its 
success-critical stakeholders. 

Focus on stakeholder project goals, user needs, and 
project requirements.  These need to be clear, traceable, 
and testable and be managed to deal with inevitable 
evolution and change. 

Solidly supported by recent quantitative evidence (see 
above).  This is directly reinforced by the GAO (2015) 
finding that project cost, schedule, and performance 
issues can be traced back to inadequate SE effort before 
acquisition to translate the capability needs into detailed 
technical requirements. 

Take a whole-of-life perspective to SE practice. 

This is fundamental to holistic systemic practice and has 
been, and still is, taught in SE programs (Blanchard and 
Fabrycky, 1998 and later versions).  See comments 
below on the adoption of model-based systems 
engineering. 

Select suppliers with demonstrated capability honed on 
projects of a similar scale and complexity; failure to 
heed this advice has been the cause of many project 
difficulties. 

Competency frameworks are now well established, and 
these can be used to profile organisational and 
individual SE competency levels (INCOSE, 2018). 

Attention to interface definition and management is 
vital for project success. 

This SE capability was explicitly identified by Elm and 
Goldenson (2012).  Interface management features in 
mainstream approaches such as mission engineering in 
the US (Moreland and Baron, 2015), the UK System of 
Systems Approach (Coffield, 2016), and project 
integration and interoperability assessments in the 
Australian Department of Defence (Cook and 
Unewisse, 2017). 

Plan system assurance (design assurance, verification 
and validation, and test and evaluation) in the 
conceptual design phase to ensure that what the users 
consider to be important to the success of the system is 
evaluated. 

This SE capability was explicitly identified by Elm and 
Goldenson (2012) and US National Research Council 
(2008).  The need for early T&E planning has been 
entrenched for some time in most SE practices and 
remains as valid today. 

In the years since the initial set of success factors was produced, some additional practices have 
arisen that have been found to be effective in promoting project success. For example, the GAO 
reports reflect that SE practice is now becoming increasingly model-based and state that the use of 
model-based systems engineering approaches is highly correlated with good project outcomes. Of 
note is that this finding explicitly applies to the acquisition community where model-based 
approaches are far less common that in the supplier community.  Indeed, contemporary SE thinking 
in the US Department of Defense is to promote Digital Engineering (DoD, 2018) where the entire 
project lifecycle is supported through model-based SE practices.  Together with the model-based UK 
Systems-of-Systems Approach (Coffield, 2016) that seeks to ensure that all projects will deliver 



 

capabilities that fully integrate into the evolving UK force, MBSE and whole-of-life perspectives are 
clearly becoming mainstream. The evidence above and the case made for the value of MBSE in the 
INCOSE SE Handbook (2015; p189-197), indicates that the use of MBSE should become a success 
factor. 

Many of the key activities in SE were already included in the list of success factors.  Perhaps the 
standout omissions are product architecture, systems analysis, and risk management; perhaps this 
came about because design engineers consider these to be quintessential to SE. Given that a 
significant amount of SE is often performed by staff without a deep heritage in engineering design, it 
is worth elaborating.  ISO/IEC/IEEE 15288:2015 defines architecture as the “fundamental concepts 
or properties of a system in its environment embodied in its elements, relationships, and in the 
principles of its design and evolution”. It is essentially a high-level design that also embraces how the 
system is intended to be used. Systems architects are invariably the most capable and experienced 
systems engineers and the quality of their work shapes the trajectory of the project: if the architecture 
is seriously flawed the project outcome can never be good. Thus, ensuring that the system 
architecture is solid must be a success factor. 

SE practice should always be evidence-based.  In particular, it should be based in knowledge of what 
works in the engineering domain and this knowledge needs to support project decisions.  Thus, SE 
must be supported by systems engineering analysis which includes performance analysis, 
trade-studies, effectiveness analysis, risk analysis, and related analytical activities. US National 
Research Council (2008) and other sources point to inadequate systems modelling, simulation and 
analysis, particularly in the early phases of projects, as a major factor in project difficulties. Thus, 
systems analysis needs to be included as a success factor. 

Buede and Miller (2016) discuss the value of SE and one perspective they investigate is SE as risk 
mitigation.  Risk analysis and management receive much attention and effort in projects but all too 
often the risk analysis does not drive SE activities.  A key SE success factor is to use SE design and 
analysis to retire technical risks. 

Finally, our own early-stage complex system design practice at Shoal Group in Australia and 
elsewhere over almost two decades and more than 100 projects has taught and reinforced the 
following lessons: 

 Early, ongoing and effective stakeholder communications is needed to make the SE process 
and the design itself accessible; 

 Early-stage SE must support iteration and change as stakeholder views and expectations 
develop and change … which they inevitably will; 

 Project objectives and associated measures (MOE, MOP, etc.) need to be identified as early as 
possible to ensure that outcomes meet stakeholder expectations; 

 End-to-end traceability of project objectives and associated measures through the design is 
important in maintaining stakeholder confidence in ‘fitness for purpose’ and that unnecessary 
requirements (‘gold plating’) are being avoided; 

 Flexibility of SE application (tailoring) is needed to suit project and stakeholder 
circumstances, particularly in environments where SE practice is unfamiliar; 

 Integration of SE activities with broader project work is vital to ensure alignment of the 
design with broader project objectives, which are often quite political in larger, more 
prominent projects; and 

 Adequate domain expertise is needed almost from the start to ensure practicality of system 
architecture but must be balanced to avoid ‘jumping to solution’. 

All of this indicates a substantial early-stage SE effort with a focus on communications, accessibility, 
traceability, flexibility and integration. 



 

We chose to convert our early-stage design practice entirely to model-based systems engineering 
from 2007, an approach that we have called ‘model-based capability design’. Per the experiences of 
others, we have found that a model-based approach either directly or indirectly supports all of these 
imperatives.  

Together with the new additions, the SE success factors can be rearranged in a more logical way as 
shown in Table 6. 

Table 6. Contemporary SE success factors. 

SE Success Factors 

1. Adhere to systems engineering principles and practices; this will save money. 

2. Tailor SE processes and frameworks to suit project and stakeholder circumstances, particularly in 
environments where SE practice is unfamiliar. 

3. Prioritize user and other stakeholder engagement throughout the life of a project, commencing as early as 
reasonably possible. 

4. Take a whole-of-life perspective to SE practice. 

5. Generously invest in SE in the early design phases. 

6. Ensure key SE activities receive priority attention: 

6.1. Focus on stakeholder project goals, user needs, project requirements and associated measures.  These need 
to be clear, traceable, and testable and be managed to deal with inevitable evolution and change. 

6.2. Value the quality of the system architecture; it is the key to technical success. Invest more in architectural 
design as projects increase in size, ensuring adequate domain expertise is applied. 

6.3. Employ model-based systems engineering because it promotes good SE practice and improves project 
outcomes. 

6.4. Underpin important project decisions with solid systems engineering analysis which includes 
performance analysis, trade-studies, effectiveness analysis, and related analytical activities. 

6.5. Focus and allocate SE effort to achieve early risk retirement through SE activities such as architectural 
design, systems analysis, technology risk mitigation, integration planning, and system assurance. 

6.6. Prioritize interface definition and management; it is vital for project success. 

6.7. Plan system assurance (design assurance, verification and validation, and test and evaluation) in the 
conceptual design phase. 

7. Select suppliers with demonstrated capability honed on projects of a similar scale and complexity. 

Discussion 

Philosophically, perhaps the most important changes over the years have been the increasing 
awareness that SE starts well before the specification; SE should be involved with identifying and 
categorising systems issues and proposing ways to address them. The proposed new definition of SE 
with its concomitant worldview of problem solving and facilitation rather than functionalist 
execution of processes indicates the need for more early-stage SE.  Newer forms such as SoSE 
embody these concepts and put the emphasis on clearly understanding the purpose of projects and 
keeping the high-level objectives at front of mind; not the detailed process products. 

Over the years INCOSE has been embracing a broader view of the systems challenges that fall within 
its purview (INCOSE, 2014).  Indeed, the INCOSE (2014) SE imperatives include applying SE to 
social and natural systems, expanding the application of SE across industry domains, and embracing 
and learning from the diversity of SE approaches.  This is completely aligned to the theme in Cook 
(2000) that promoted the application of interpretive or soft systems methodologies.  These do not 
replace traditional SE methods but can augment them to better achieve certain goals such as 
improved requirements elicitation, stakeholder engagement, user acceptance, and management 
effectiveness. Interested readers are referred to Jackson (2000) for a comprehensive coverage of 
these methods and the difference between the hard and soft traditions. Cook (2000) concluded that 



 

about half of the difficulties experienced in technical projects could be best be dealt with by the 
introduction of interpretive, culturally-aware, soft systems methodologies. 

Conclusions 

Recent research reinforces the earlier findings that investment in SE, particularly early-phase SE, is 
highly correlated with good project outcomes. Furthermore, strong evidence now exists that SE 
provides a demonstrable return on investment.  This paper has found that the other SE success factors 
from twenty years ago still provide useful guidance today.  Furthermore, additional quantitative 
research since that time has provided guidance on how best to allocate scare SE resources to activities 
across the lifecycle.  While additional success factors have been added, the list of success factors 
remains concise enough to keep in working memory. 
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