PROJECT MANAGEMENT IN ENGINEERING 

Lesson 2: 
PERFORMING ENGINEERING ON PROJECTS.
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		Lecturer: 						M. Kurbonov
PERFORMING ENGINEERING ON PROJECTS
How do we do engineering on projects? Engineering projects are different from other projects, so learning to be an effective manager of an engineering project starts by understanding how we do engineering on projects. We accomplish this engineering through the engineering life‐cycle. In this lesson, we are going to learn some key aspects of how we do the initial stages of the engineering life‐cycle, which are called “requirements analysis” and “design.”
THE SYSTEMS METHOD
Motivation and Description
In the previous lesson, we introduced the idea of a project life‐cycle – a series of steps or stages through which a project progresses toward completion.
Each stage can and should be governed by a set of guidelines – which we termed processes – whose level of rigor and detail should be adapted to the needs of each particular project.
A discipline called systems engineering, which is in many ways closely related to engineering project management, has developed what we might call the system method. This is intended to increase the likelihood that a system development effort will be successful, and achieves this increased likelihood of success by placing the focus on the behavior of the system as a whole, rather than exclusively on the parts and components.
Since the objectives are so similar, we can transfer much of this thought process from systems engineering to managing engineering projects. In fact, I tend to think of engineering project management as systems engineering supplemented by a specific set of management and people skills.
In this lesson (and continuing into the next), therefore, we will summarize how one performs engineering – in particular, systems engineering – on our engineering projects. With that background, in later lessons, we will be able to draw upon that knowledge to create those tailoring, adaptations, and new features that allow us successfully to address the challenges specific to managing engineering projects.
There is a natural tendency for engineers to focus on the parts and components of a system, such as computers, radios, motors, mechanical structures, and so forth. After all, they are visible, tangible artifacts; they are of a size and complexity that one can readily grasp; and some important portion of the actual system development effort involves the specification, selection, acquisition, and integration of these parts. Focusing on them is conceptually easy and comfortable.
But … it is usually the case that the reason we are building a complex system to accomplish a mission is that we desire or need something more than what is provided directly by these parts; that is, we aspire to create some emergent behavior, some “1 + 1 = 3” effect, wherein the new system will do something more than what is accomplished by the individual parts.
Let’s consider an example or two. We know the first mobile telephones; they pretty much just had a numerical dial pad and two buttons marked “call” and “hang up.” They did not store phone numbers, but they were still a break- through; you could make a call while you were out and about, without having to depend on finding a phone booth.
But you needed to know the number that you were going to call. At one time, we all had little booklets into which we wrote the telephone numbers of friends and business associates. To use that mobile telephone, I would have to first look up the name of the person that I wanted to call in my little booklet, look next to their name where I had written their phone number, and then punch their phone number into my mobile phone. In the “mobile communications system” of those days (not so long ago!), storing phone numbers – and relating those stored phone numbers to names – was one function; making the actual phone call was another, separate, function.
Then, someone came along and realized that one could put both functions onto a single device. Even with no electronic integration between the two functions, this was an improvement, as I had to carry only a single device, keep only a single battery charged, and so forth.
But then something very different was introduced: Since those two functions (1 = storing phone numbers and relating those stored phone numbers to names; 2 = making the actual phone call) were both on the same device, it was now possible to allow these two functions to interact electronically. I could now just find my friend or business associate by name, and indicate that I wanted to call them. The actual phone number was automatically transferred from the first function to the second. This was a radical improvement in simplicity, ease of use, and reduction of errors!
Emergent behavior is critical in systems engineering and engineering projects. Almost every engineering project today is undertaken to achieve such emergent behavior. Once you realize this, then you realize that your focus as either the designer or the project manager needs to shift from being exclusively or primarily on the parts to instead being on the system as a whole. This is the start of the systems method.
Of course, when we put parts together so as to create the desired emergent behavior, we are highly likely unintentionally to create other, undesired, unplanned emergent behavior. Such unplanned emergent behavior can range in impact from a nuisance to a serious safety hazard. As we will see later in this lesson, good designers therefore not only design their systems to provide the emergent behavior they want, they also design their systems so as to prevent other types of emergent behavior.
We will discover that we can use such hierarchies and decomposition to represent and analyze many other items, not just the systems and products themselves. In particular, we can use them to represent and analyze our methods and intermediate work products (e.g., requirements, design, approach to testing, and so forth).
	Motivations for using the systems method:
· Managing emergent behavior: obtaining that emergent behavior that we want, while preventing other, unplanned emergent behavior
· Identifying and characterizing all of the parts that we will need
· Helps us to achieve balance among all of the parts
· Helps us to plan transitions, especially from the existing system to our new system and its improved capabilities
· Helps us to identify all of the social factors that we must overcome in order to be allowed to implement our new system, and helps us create the data that will be used to justify the transition
· Helps us optimize at the systems level, rather than just optimizing each component
Key characteristics of the systems method:
· Work through hierarchies, using a technique that we call decomposition
· Transparent, credible connection of technical decisions to operational performance predictions and parameters
· A life-cycle model, usually separating development, operational, sustainment, and disposal, and within the development, separating requirements, design, implementation, integration, validation – usually iterated at multiple levels of the hierarchy
· Iterative progress through a set of life-cycle stages
· Use of systems-level performance prediction, in order to achieve the desired optimization at the systems level
· Use of written processes to guide the work
· To capture other people’s mistakes and lessons learned
· To operate at scale, and to do so consistently
· Use of reviews and decision gates
· Standardized engineering views, to help us communicate
· Identification of the desired emergent characteristics that result from the system as a whole
· Obtaining these emergent characteristics is why we build systems!


Table 1.1 Motivations for employing the systems method; key characteristics of the systems method.
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Figure 1.1 An example of decomposing a system into a hierarchy
In the previous lesson, we introduced the idea of a project life‐cycle, a series of steps or stages through which the project moves as it progresses. 
Next, we will try describe each stage together:
· The need and the idea. In this stage, we try to understand the stakeholders, their needs, and their constraints. What is their mission? How do they do it? What is their product? How do they do their mission today? Why is that how they do it? What constrains the possibilities? What do they value? How do they measure that value? We also look at technology, techniques, and capabilities that are available to use in building the system. What can they really accomplish? What are their limits and side‐effects? How mature are they (e.g. reliability, consistency, safety, predictability, manufacturability, etc.)? Can they be used productively in ways other than their original intent? In this stage, we are trying to understand broad needs and potential enablers, but not yet trying to define specific requirements.
· Requirements. The formal statement of what the new system is supposed to do, and how well it is supposed to do it. What is a qualitative statement of a capability? For example, “The car shall be able to travel in both the forward and reverse directions, and the direction of travel shall be selectable by the driver.” The how well is a quantitative statement. For example, “The car shall average 30 miles per gallon of fuel under the following conditions: X, Y, and Z,” or “The noise level inside of the car shall not exceed 55 dB at speeds below 70 miles per hour while traveling on road surfaces that meet the following conditions: A, B, and C.” Requirements (of both types) are written down and placed into documents called specifications. Meeting the requirements, as documented in the specifications, is usually mandatory; that is, you may not get paid (or may get paid less) if the system you deliver at the end does not meet every single requirement in the specifications. Requirements – like so much else in systems engineering – are created in a hierarchy: we create requirements for the system as a whole, and then for the major functional elements of the system, and perhaps even a level below that; we do this using the decomposition process.
· Design. The requirements say what the system is supposed to do, and how well it is supposed to do it. The design, on the other hand, says how all of this is supposed to be accomplished; for example, will our car use a gasoline engine, a diesel engine, or a battery with an electric motor. The design will likely be quite technical at times, specifying, for example, particular algorithms, particular materials, particular structural methods, and so forth. The design, like the requirements, is also created in a hierarchy: for the system as a whole, for the major components of the system, and so forth. Note, however, that the hierarchies for the requirements and the design are seldom, if ever, the same: one is a decomposition of what and how well, the other a decomposition of how. The two hierarchies are related, but they are not the same. The top level of the design hierarchy describes how the system as a whole will be implemented, and in particular, will describe how we are to achieve the emergent behavior desired for our system. Lower levels of the design hierarchy describe successively smaller pieces of our system, and how those pieces interact. The lowest level of the design hierarchy describes how each of the smallest pieces is to work internally.
· Implementation. Through the decomposition process embodied in the hierarchy for the design, we arrive at the bottom of our top‐down definition process (e.g. the left-hand side of the “U”; see Figure 2.4, below): the naming and describing of each of the little pieces into which we have decomposed our system through the design process. We now have requirements specifications and designs for all of these little pieces and, therefore, we are ready to go and build them. Any given such piece might consist entirely of hardware; or entirely of software; or entirely of data; or some combination thereof. We may not need a hierarchy for this stage; we may commission a set of independent teams each to build one or more of those little pieces.
· Integration. When people started building systems, especially systems with lots of software in them, their original concept was to finish all of the implementations, then put all of the pieces together, and then proceed to test the system. It was quickly dis- covered that this seldom worked in a predictable and consistent fashion. The complete system, with its hundreds of separate parts and lots of software (nowadays, perhaps millions of lines of software code), turns out to be too complex for this sort of put‐it‐together‐all‐at‐once approach to work. So, gradually, the need for a phase between implementation and testing was recognized, which we now term integration. The purpose of the integration phase is to put the parts together, at first in small subsets of the whole, and gradually work one’s way through the integration of ever-larger subassemblies toward having the entire system. At this stage, we are not yet testing the system; instead, we are just trying to make it operate in an approximately correct fashion. Distinguishing integration from testing has been a gigantic boon to systems engineering and engineering project management; many projects today, however, still neglect the integration stage and usually suffer greatly from that neglect. We will talk much more about the integration stage in the next lesson.
· Testing. Having conducted implementation (which builds all of the pieces of our system) and integration (which assembles all of the pieces of our system, and sorts out enough problems that the system operates in a reasonably correct fashion), we can then turn to the problem of testing our system. For most systems, we will do two different types of testing. First, we have our specifications that contain our requirements: the mandatory statements of what and how well for our system. We have to conduct some type of rigorous process to make sure that our system meets each and every one of these requirements. Therefore, we must also assess a set of more subjective matters, such as “Can this system be used by the intended users, or is it too difficult for people with their education, experience, and training?” Or perhaps our systems are used by people who are in stressful situations (such as power plant operators, police, ambulance dispatchers, doctors, or soldiers); is the system designed in such a way that it can realistically be used by people under such stresses with only a reasonable number of errors? 
· Production. Our system development (e.g. all of the life‐cycle stages through testing) yields us one copy of our system. Sometimes – such as for a satellite project – that is the only copy of our system that we will build. But more often, we then make additional copies of our system. This making of additional copies of our system is called production. Production may range in scale from making 10 copies to 1000 copies, to 1 000 000 copies, or today, even 100 000 000 copies. The techniques used for production will need to vary significantly, depending on the scale of the production required. We must also perform some testing to ensure that our production copies are correct; this testing is usually far less extent than the testing we perform on the first article, however.
· Deployment. Our system needs to be placed into service. That is often a complicated endeavor on its own. For example, a satellite needs to be launched into space. Or a new billing system probably needs to be operated in parallel with the existing billing system for a while, before we disconnect the existing billing system and switch over to the new one. Or our millions of new mobile phones need to be sent to retailers and sold. This process of placing our new system into service is called deployment.
· Use in actual operation. Once our system is in actual use (e.g. we have completed a successful deployment), it can finally be used by the intended users, and bring them the benefits for which it was designed. But those users need support: someone has to create training materials for the new system, and perhaps even conduct actual training classes. Things break, and someone has to diagnose and fix them. To affect those repairs, we will need replacement parts; we need someone to make those replacement parts. It is likely that we will continue to find errors in the system – even after the test program has been completed – and we will need to fix those errors. Most systems are operated for a long time, and our users expect us to design and implement improvements to the system over the course of the time that the system is operated. There are many other, related aspects of supporting our new system's ineffective operations.
· Phase‐out and disposal. All good things come to an end, and someday – perhaps long after we have retired – our system will reach the end of its usable lifetime and will need to be taken out of service. This can be a very complicated and expensive activity on its own, and in such cases, methods to implement the retirement and disposal of the system should be designed into the system from the very beginning. A satellite might need a special rocket motor to deorbit the satellite so that it burns up in the Earth’s atmosphere. A nuclear power plant needs to be designed so that all of the radioactive materials can be taken out when they are expended, and then properly stored or reprocessed. Even mobile phones (and other consumer devices that contain batteries) need special disposal procedures so that we do not create inappropriate dangers through pollution caused by old batteries. In other cases, we may have to figure out how to safely retire and dispose of a system where no such preparations were made. The world has many dams, for example; all have finite lifetimes, but methods, materials, and funds to dispose of them are seldom worked out until the dam is ready to be retired.
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Figure 1.2 A version of the stages of the project life‐cycle.
This is our basic system life‐cycle; every project may have its own small variations and changes in nomenclature, but the general intent is usually very similar to that which I have described.
In each stage of the project life‐cycle, we perform a mixture of activities:
· Technical
· Project management
· Agreements
· Planning and replanning
· Monitoring
Each of these activities can and should be governed by a set of written guidelines – whose level of rigor and detail should be adapted to the needs of each particular project. An engineering process is simply a written description of the steps, guidelines, constraints, inputs, and outputs that we use to perform engineering activities.
Progress Through the Stages
Whatever shape your engineering project employs, you will use some type of orderly method to determine when you are ready to move from one life‐cycle stage to the next (e.g. from requirements to design, and so forth). This method is centered around a review, which is the data‐gathering and data‐analysis exercise that forms the basis for a formal decision process (e.g. are we ready to move to the next life‐cycle stage or not?). If we determine that we are not yet ready, we then determine what are the things that remain for us to accomplish, so that we are ready to move to the next life‐cycle stage. Generally, you want a large segment of the stakeholders for your project (the development team, your company’s management, the buying customer, the using customer, the paying customer, and so forth) to participate in these reviews and decisions. We include all of these people, both in order to get a full range of opinions to inform your decisions, but also to build a social consensus about the correctness of that decision.
This process is often referred to as decision gates. We call these reviews gates because we may be allowed to pass through them at this time … or we may not; that is, the gate may be either open or closed. The reviews are intended to determine the adequacy of the system to meet the known requirements (specifications and process guidelines) and constraints. Reviews become progressively more detailed and definitive as one advances through the program life‐cycle.
Reviews provide a periodic assessment of your project’s maturity, technical risk, and programmatic/execution risk. Equally importantly, they help one improve/ build consensus around the go‐forward plans; this is why you involve so many of your stakeholders in the review process. Reviews provide you – the manager of this engineering project – with the data you need to make the decision about whether to proceed to the next phase or return to the previous one in order to resolve some issues.
As noted above, an important characteristic of the systems method is that we strive to optimize at the systems level, not at the component level. Even if we make each component of our system the very best possible, they may interact in a fashion that provides less than the best possible performance; since we are striving to make the system as a whole the best possible, we must look at the interactions of the components, in addition to the performance of each individual component.
This may have other benefits. For example, I have frequently discovered that I could make do with a less capable version of some component in a system and still get the system‐level performance and capacity that I needed. It would be a waste of money to have paid for a better version of that particular component; limitations that arise out of the interactions of the components might prevent the improved version of that component from having a positive effect on the system as a whole.
	The customer’s coordinate system of value
	The engineer’s coordinate system of value

	Usually, non-technical in nature
	Usually technical in nature

	Characterizes something about the
mission
	Characterizes something about the technology that implements the system

	Captured in what I call operational performance measures
	Captured in what I call technical performance measures

	Measures the goodness of the design for the users
	Measures whether or not the design is feasible, and helps us estimate the schedule and cost needed to build the system

	The two types of metrics should be linked; that is, we need to credibly and transparently show how changes in design (which change the technical performance measures) cause changes to the operational performance measures
Our degrees of design freedom are located in the engineer’s coordinate system of value, but we measure the goodness of the resulting design in the customer’s coordinate system of value


Table 1.2 The two coordinate systems of value, and the two types of objective measurements.
Table 1.3 summarizes the range of processes that we use in an engineering project. Why go to the trouble to create and employ such a written process? Because engineering a complex system is hard. 
· Success comes from wisdom
· Wisdom comes from experience, and
· Experience comes from mistakes.
When possible, it is best to learn from the mistakes of others, rather than learning only from mistakes that one makes oneself. And that is the role of engineering processes – they allow us to learn from the mistakes of others. They are the “lessons learned” from past activities.

	Planning
	Written guidance for how each aspect of our project will be performed

	Contracting
	Written guidance for how all aspects for making and documenting binding, legal commitments with our customers is performed

	Acquisition and purchasing
	Written guidance for how we acquire materials and services from outside organizations, whether by subcontract (usually used for items that involve invention or adaptation) or by purchase order (usually used for items that are being purchased without any adaptation)

	Finance
	Written guidance for how we will allocate budgets and funding to people and tasks, keep financial records, and all other financial aspects of the project, including compliance with customer requirements, laws, regulations, and company standards

	Project Start-up
	Written guidance for how we will get the project started, including acquisition of necessary facilities, equipment, people, cash, intellectual property, and so forth

	Technical Management
	Written guidance for how we will oversee the engineering, development, integration, testing, production, and other technical aspects of the project

	System Requirements
	Written guidance for how we will create and validate the design for our system

	System Design
	Written guidance for how we will create and validate the design for our system

	System Implementation
	Written guidance for how we will build the components of our system, including hardware, software, and data

	System Integration and Test
	Written guidance for how we will assemble the components of our system into a functional whole, and how we will then check that the system complies with the requirements and incorporates other desired features

	Making Decisions
	Written guidance for how we will make decisions, and keep records about them

	Delivery
	Written guidance for how we will deliver, install, and bring into actual operation the completed system

	Property Management
	Written guidance for how we will keep track, protect, and utilize material objects on the project, with particular emphasis on items that belong to our company, that belong to our customer, and to those items that must be delivered to the customer at specified time points in the project

	Technical Evaluations / Quality
	Written guidance for how we will achieve the levels of quality specified in our contract, our requirements, and in our organization policies

	Safety
	Written guidance for how we will keep our employees, our users, and our community safe while we perform the work on our project

	Configuration Control
	Written guidance for how we use control changes to items (documents, parts, subsystems, data, and so forth), and ensure that we know what is the state of each item, and that we are always using the correct version of each item

	Human Resources
	Written guidance for how we will acquire, motivate, and retain the people we need to do the work entailed in the project, make appropriate plans about the time-phasing of needed personnel, and provide for the orderly transition of people to another project when their contribution to this project is complete

	Project Termination
	Written guidance for how we will ensure that all items specified are delivered to the customer at the conclusion of the project; that all contractual obligations are fulfilled and documented appropriately; and that people, materials, facilities, and other resources are properly handled and accounted for as the project comes to a close


Table 1.3 Examples of the range of processes that we use on an engineering project.
There is a caveat: processes are necessary – they help us be repeatable, and operate at scale. But processes by themselves are not sufficient to ensure a good design! We need both good processes and a good design. Good designs come from good designers, not from good processes.
Some companies have gone through a phase of assuming that good processes are in fact sufficient to ensure good design; the result was a series of expensive project failures.
Lastly, the systems method involves a lot of planning. We formulate and write plans about how we are going to perform each of the various aspects of the project, ranging from how we will validate the technical requirements, to how we will acquire the people with all of the specialized skills we need (and at the right time, and insufficient quantity), to how we will keep our people (and the general public) safe as we perform this work.
Requirements
One of the first stages in the project life‐cycle is the process of creating and validating the requirements for our system.
Let’s start by considering why we think about requirements. It is a fact that people often just do things, without having given a lot of consideration to the detailed nature of the problem, or without having spent a lot of time considering what is the best approach to use. Is that how successful people attack a problem?
Do you know how would the famous physicist Albert Einstein allocate his time if he had only an hour in which to solve a problem. His answer?
· 45 minutes to understand the problem 5 minutes to formulate a solution
· 10 minutes to implement the solution
That is, Dr. Einstein would allocate 75% of his time just to the task of understanding the problem before he started doing any actual work to formulate or create a solution.
On real engineering projects, we generally cannot allocate 75% of the time to this single task, but the point I take away from this (potentially apocryphal) story is that this particular highly successful person8 believed that the path to success entailed allocating a significant portion of time to the question of understanding the problem to be solved.
In systems engineering and in engineering project management, therefore, we try to understand the problem, and then we write down what we have decided.
Requirements is the term we use for the formal, written statement of the problem that we are trying to solve by building an engineered system. Requirements are a statement of what the system is supposed to do, and how well it has to do it. But requirements are not a statement of how the system does it; how it does it is the design.
Let us illustrate this definition with an example. What is a car supposed to do? We might say that a project to create a car “shall provide a separate physical entity that is capable of moving under its own power over a paved road from one location to another, under the control of a human being.” That is a statement of what. We might also say that “The car shall be able to reach a speed of at least 50 miles per hour, sustained for 2 hours without needing to stop for refueling or any other purpose.” This is a statement of how well. The question of whether our car uses an internal combustion engine and gasoline, or an electric motor and a battery – or a hamster in a cage – is a question of design, that is, how we accomplish the what and the how well. We choose the design after we have specified the requirements; the what and how well requirements stated above do not tell us what type of engine to use. We might have a how well requirement about limitations on the pollution generated by the operation of our car, but ideally, that requirement does not tell us what type of engine to use either. Nor do either of our requirements determine whether the car should have three or four wheels, how large those wheels and tires should be, and other considerations of how; those are design decisions.
How do we go about creating the requirements? There are a few new terms in this figure, each of which are explained in the paragraphs that follow.
· Identify who are the users and the other stakeholders. We have already talked about this; we must know all of the users and the other stakeholders for our system. The buying customer is only one of those stakeholders, and it is likely that they are not users of the system at all. As we already discussed, there are likely many other stakeholders besides the users and the buyers.
· Determine how the users and the other stakeholders define value. We already talked about this one too; we must determine how the users and other stakeholders define value, in the context of our system. As noted above, we do this by reading, talking to people, listening, and watching the users perform the mission with their current tools and methods.
· Determine the needs and desires of the users and of the other stakeholders. Having determined how our users and stakeholders determine value, we are ready to determine what they need and want. This involves more reading, talking, listening, and watching. Many texts on requirements tell you only to consider documented needs, as you may not get paid for doing additional things (e.g. desires) that are not in your contract. I strongly disagree; the customers must end up being happy. This always involves figuring out what they want, in addition to what they need. You may well then try to get those items added to the contract (so that you can get paid for them), but you might elect to do some of them anyway, in the interest of establishing good relations and high credibility with the customer. When things go wrong (and things will go wrong at some point), you need the customer “on your side.”
· Capture what the users and other stakeholders can tell you about the requirements. Usually, the buying customer will have some written description of what they want to buy, and of course you start with that. But even if they do not, you must elicit that information from them.
· Identify all of the key functions of the system, using mission threads. How did we create that list? The method I advocate is to create mission threads, the major operational sequences of our user’s mission. What are all of the external stimuli that cause our users to start some sort of task? What is the sequence of steps (this sequence is what I call a mission thread) that they move through in order to accomplish each task? What are the results of each such sequence of steps? 
· Use the mission threads to create a concept of operations document, which not only describes the mission threads, the inputs, and the outputs, but also summarizes how often each mission thread is likely to be exercised during actual operations, identifies any timing constraints (e.g., a particular thread might have to be accomplished in fewer than 10 seconds), identifies other constraints (e.g. the requirement to perform the visual identification step) imposed by outside authorities, and so forth. You also write down what you have learned about why each of these items is done in this particular fashion. 
· Organize those statements into a properly formatted requirements specification. Over time, we have developed standardized formats, lexical conventions, and so forth for requirement specifications. These are often documented in government or company policy manuals, and include things such as the use of particular verbs for distinguishing actual mandatory requirements from explanatory materials (e.g. shall versus will), the use of a separate paragraph number for each individual requirement, and other conventions.
· Determine a candidate verification method for each requirement. Recall that earlier, I stated that in our requirements specification we also include a preliminary idea for how we will verify each requirement. It is possible to write requirements in a fashion that is difficult or impossible to verify, and we strive to avoid that (if for no other reason than we will not get paid until we have verified every single requirement!). In order to avoid such a situation, for each requirement, we identify a candidate method (usually the candidate methods are inspection, analysis, demonstration, simulation, and assessment by operation) for verification, and include this verification method right in the specification.
· Check the requirements. We cannot consider something as important as a requirements specification complete until we have performed some type of check that it is complete and correct. 
· Editorial check (format, grammar, spelling, punctuation, consistent use of terminology).
· Soundness check (no missing items or “to be determined,” quantitative values where required, positive statements [e.g. shall, rather than shall not], no statements of design [e.g. no statements of how, only statements of what and how well], no statements constraining external systems, validation of all assumptions).
· Substance check (complete, consistent, every requirement is necessary, an appropriate level of constraints).
· Risk check (technical feasibility, consistent with budget and schedule, identify things that could go wrong, estimate likelihood and consequence of each, assess the realism of available approaches to mitigate each risk should it actually occur).
Design and its Process
The next phase in the development process of an engineering project is the design; we aspire to create a design that satisfies the requirements, but also one that is feasible and affordable to build.
We get a lot of “help” with the requirements; after all, our customers and our users understand well what they want the new system to do, and such constitutes a major portion of the requirements. It is my experience that most systems eventually develop pretty good requirements, although it may take them longer to do so than they originally planned, and cost more money to do so than they planned.
But the design is a completely different matter; many systems simply have bad designs. Why might this be? For one thing, the customer and the users are generally not qualified to provide expert help with the design, in contrast to the way that they are qualified to provide expert help with the requirements.
What is a design? In the previous section, we defined the requirements as the statements that tell us what the system is supposed to do, and how well it is supposed to do it; in contrast, the design tells us how the requirements are going to be accomplished. Consider a house: the requirements might tell us that the house needs to have four bedrooms and three bathrooms. The design tells us how we will satisfy those requirements: whether we will use wood or metal for the frame, whether we will use a raised structure or a concrete slab for the foundation, whether we will use casement or sliding windows, whether we will use wooden shakes or concrete tiles for the roofing materials, and so forth. We can build a house that meets the requirements – four bedrooms and three bathrooms – using either wood or metal as the framing material; both probably allow us to satisfy the requirements. But there may be other reasons for choosing one design approach or the other, reasons that have little to do with the requirements (e.g. “four bedrooms”). For example, if our house is going to be in a location with a really severe termite problem, we might not want to select wood for the framing material. But if the wood is satisfactory, then using wood is probably a lot less expensive than using metal for the frame. A wood‐framed house can probably be built in less time than a metal‐framed one too. These are examples of alternative designs.
The process that we use to create a design center around a method that we call the trade study. The trade study process helps us create a set of candidate alternative designs, helps us create a way to measure the “goodness” of each alternative, and finally allows us to select a preferred alternative, while also creating the data and the artifacts that will allow us to explain to our peers and stakeholders why we believe that it is the best possible alternative.
In the design process, there will seldom be a clear winner, in the sense that a particular alternative design is best in every category. That is why we call the process a trade; we make judgments (backed up by data and analyses) about which combination of positive and negative features achieves the best overall solution for our system. We strive not for perfection, but for a reasonable balance.
By a pressure point that the design must actually address, I mean that we must use our operational knowledge of the users and the mission to determine what are the real design drivers for the system. Do not depend on your customers to do this for you! They are not engineers and designers, and while they understand their mission well, they often have an imperfect understanding of how technology interacts with their mission.
	1. Understand the pressure points that the design must actually address
2. Perform the actual trade study: create alternatives (each of which address every requirement), create measurement methods, assess the alternatives (and adjust the alternatives, as is usually necessary), select the preferred candidate, and gather the rationale showing why that is in fact the right candidate design to select
3. For the selected design, assess in some detail various important features of that design: the performance and capacity (via modeling and benchmarking), stability (that is, we want the design to be relatively insensitive to small errors in inputs and assumptions), design margin (we want the design to be relatively insensitive to small errors in implementation, e.g., some part weighs a small amount more than planned, etc.), and avoidance of known design pitfalls
4. Verify the completeness of your selected design; that is, make sure that it actually addresses every requirement. This is accomplished through a traceability analysis, where we map every requirement to a section of the design that implements that requirement
5. Finalize your selection of a candidate design, perhaps with alternative designs for a few selected features. Prepare a thorough description of the design itself (which should be detailed enough to serve as a guide to those who will build each of the pieces called for by the design), as well as of the assessment findings, including the rationale for the selection. Archive all materials, so that the process can be reconstructed and rerun. It is not uncommon later on in a project to have to reopen the trade study, add a new design candidate, and rerun the assessment


Table 1.4 Steps to create a design.
Once we know the pressure points, we can turn to the trade study. We can use the following steps to perform a trade study:
· Use the knowledge and insight we acquired about the customer in order to create operational performance measures, and then discuss those with the customer. Of course, we actually started this process while we were creating the requirements.
· Use the operational sequences to firm up a list of all the independent stimuli that can activate a mission thread in your system, and also define what is produced as the output of each mission thread. We started this when we prepared the concept of operations document as part of the requirements, but now we need to do it in more detail.
· Use these items – the lists of stimuli and the partitioning of steps that could be in parallel and steps that must be in sequence – to define all of the independently schedulable entities within your system. These are the system activities that can be started in response to any sort of asynchronous stimuli and can therefore operate at the same time as other system activities.
· Use the knowledge and insight we acquired about the mission, together with the requirements, to create operational sequences that describe how they perform this mission, the mission threads. This is a mechanism that helps you to ensure that every requirement is addressed by the design. We started this while we were creating the requirements too. Now we have to do it at a finer level of detail, showing which steps on the mission threads can be performed in parallel, and which must be performed sequentially.
· Use the list of mission threads and the list of independently schedulable entities to create alternative groupings of those entities into actual implementation groupings (e.g. the items that will actually comprise the separately buildable elements of the system).
· For every alternative implementation grouping, postulate a set of candidate implementation methods (e.g. software, digital hardware, analog hardware, electromechanical, and so forth). Perhaps there will be more than one for some of these categories (e.g. several software‐based approaches, each using a different algorithmic method). These form the set of candidate designs; we call this set of candidate designs the trade space. The candidates that you select for the trade space ought to be informed, of course, by your previous selection of a set of pressure points that the design needs to consider.
· Perform an assessment of the technical feasibility of each candidate design and eliminate from further consideration those that are deemed not feasible, or too risky.
· Use that measurement and assessment methodology in order to perform the actual assessment of the goodness of each candidate design. This will probably be done multiple times, eliminating a few of the worst‐performing candidates each time, adding additional measures for the remaining candidates, perhaps using the insight from the measurements in order to create new candidates. Keep careful records documenting the rationale behind all decisions, even for those candidates that are discarded.
[image: ]
Figure 1.3 The trade study.
Furthermore, there are many other requirements: all of the how well requirements, which deal with reliability, capacity, timing, availability, and many other quantifiable matters. These are not usually addressed by a single step on a mission thread, but instead by a more subtle amalgam of elements within the design. Proving that they are addressed by the design is part of the traceability analysis too, but often the verification of the incorporation of the how well requirements must be verified through use of our system model and its predictions about the operational and technical performance measures.
Modeling
Modeling of some sort is used in most large system development efforts. These days, such modeling usually takes the form of a computer program that is designed to simulate selected aspects of the behavior of the eventual system. We use such a model to make predictions about how well the candidate design will work, and therefore hope to make better design decisions. Using such a model can both help you improve each design candidate, and also help you select the final design.
A typical computer‐based simulation model will simulate the components of a system, their actions and interactions, and the external interfaces (which provide stimuli to the system).
It is easy to code up a model; the first big issue is the credibility of the model. Why should anyone believe that the predictions from the model are reasonably accurate? Just because the computer says so is not good enough; computer models can at times make predictions which are wildly inaccurate. We use techniques such as the following to prove the validity and credibility of a model’s predictions:
· Analytic validation. We check that the algorithms are coded correctly within the model.
· Calibration against benchmarks. We use the model to make predictions about things for which we already have actual measurements of a real system; we then believe that we can rely on the predictions of the model for additional situations.
· Assessment of the accuracy and risks of extrapolation beyond the benchmark data. Obviously, using the model to make predictions for situations where we do not have actual measurements is one of the primary purposes of employing a model.
Models are often nested or chained. An example of such nesting might be:
· A physics model of radio‐frequency propagation, which feeds …
· A model of an antenna, which feeds …
· A model of the antenna mast height, which feeds …
· A model of the received signal quality, which feeds …
· A model of successful packet completion rate, which feeds …
· A model of message completion delay (average and variance), which feeds
· A model of end‐to‐end completion time and accuracy for a specific capability, which feeds …
· A measure of some system operational performance measure!
There are, however, many different ways to interconnect these models. Sometimes, they are all put together into a model of models, with fully automated interactions between each model. Other times, they are run separately, but the outputs from one are automatically fed into the next model in the chain (these are usually called federated models). Other times, the models are completely disjoint, and the outputs from one are manually transferred into the next model in the chain.
We use the models to analyze our system and its candidate designs; that is, to determine how well each of our candidate designs performs. Since we are concerned with whether it meets the needs of the users, the model must finally reach the level of being able to make predictions about the operational performance measures, not just about the technical performance measures. This is a common failing of system models; many are designed only to make technical predictions.
Your Role in All of This
As the manager of an engineering project, you are not the chief designer; you have someone working for you who has that responsibility, and it is important that you allow them authority to match their responsibility. But, because the design is so important to the success of the project, driving the team to a good design is one of your most important tasks. Your role includes emphasizing the importance of creating a good design, ensuring that the metrics (operation and technical) created are suitable (and accepted/liked by the customers), visibly participating in the process as a way of continuously indicating its importance, motivating the right behaviors by the participants, and push for a thorough trade study guided by suitable metrics and performed with suitable rigor. Of course, the design also needs a good set of requirements, and you must do many of the same things in order to ensure the creation of a good set of requirements. But the design is where my experience suggests that projects succeed or fail. Allocate your time and emphasis accordingly.
The project manager has many ways to contribute to the process:
· The project manager creates the alignment that allows the people on your team to be motivated, usually through believing that they have the opportunity to participate in the socially valuable mission of your customers and providing them the shared vision of an approach, a sequence, and so forth.
· The project manager makes sure that the problems are identified. Do not worry too much that you may not have identified the problems correctly; having lots of motivated people thinking about your list will result in the list being constantly improved. All you have to do is create an initial version and then listen.
· The project manager creates a supportive environment, the psychological mindset that allows people to spend time at work thinking about the unsolved problems, and the tools, data, and other infrastructure that will help those people actually move from thoughts to experiments.
· The project manager also creates a culture that makes it safe for people to step forward with their ideas.
· The project manager creates a reward system. This should include financial rewards for especially good and/or important work. It must also go beyond money, and pro-vide institutionalize thanks, recognition, pats‐on‐the‐back, and so forth.
You should be thinking about these things yourself too. Play out scenarios in your head. Hold practice conversations with customers in your head. Brainstorm with your- self about potential additions to the list of unsolved problems, and potential methods toward a solution. Chat with your chief engineer and other senior technical staff (you can invite them to lunch once a month), and pass your thoughts on to them. It is no longer your personal responsibility to design the system, but you can create ideas, and pass them on to those whose job it is to create the design.
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