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16.842 Final Exam (online) 
 
December 18, 2009 
 
Master Solution 
 
1. Human Factors: BMW iDrive * 
The iDrive system is a driver interface in many upscale BMW cars allowing the 
driver to operate many functions with a single knob and display integrated in the 
center console. The idea was to simplify the vehicle cockpit by eliminating many 
individual controls such as switches, gauges etc... and consolidating everything 
into a single interface. This system has been highly praised by the manufacturer, 
but has come under significant criticism by some. iDrive has caused significant 
controversy among users, the automotive media, and critics. Many reviewers of 
BMWs in (automobile) magazines disapprove of the system. Criticisms of iDrive 
include its steep learning curve and its tendency to cause the driver to look away 
from the road too much. Some information about the system can be found here: 
http://www.bmw.com/com/en/insights/technology/technology_guide/articles/idrive
.html. Write a one paragraph analysis of this problem based on what you learned 
about the human factors aspects of system engineering 
 
 
One of the fundamental problems in interface design for complex systems that 
have many functions such as aircraft, automobiles, power plants etc... is one of 
depth versus breadth. Is it better to have many controls (knobs, switches, gauges 
...) that control essentially only one function, or is it better to have very few 
controls and displays that are multi-functional. We can think of broad shallow 
trees versus narrow deep trees. The iDrive by BMW is an attempt at a relatively 
deep narrow tree with the system controlling many functions such as radio, air 
conditioning, navigation etc.... There does not seem to be consensus on whether 
iDrive is a success or failure. It appears that short term drivers with little training 
on how to use the system don't like the system due to the complexity and depth 
of the menu structure and number of manipulations required to arrive at the right 
level and function. More experienced drivers that have gone down the learning 
curve on the other hand appear to like the system as some of the manipulations 
become more automatic over time. An optimal cockpit layout seems to be a 
compromise between depth and breadth where the most heavily used and safety 
critical functions that require very short reaction time are handled by dedicated 
special-purpose controls, while less critical secondary functions can be handled 
by multi-functional control interfaces. The main issue with iDrive is either the 
hierarchy of information and control as described above, or the cognitive 
overload generated by functional tree depth associated with untrained users. 
 
3 points 
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2. The main issue with iDrive from a systems engineering and human factors 
perspective is: 
 
x Hierarchy of Information and Control 
 Lack of Feedback to User 
x  Cognitive Overload 
 Boredom 
 Level of Autonomy too high 
 
The primary issue is hierarchy of information and control, but the resulting 
cognitive overload is also a valid answer. 
 
1 point 
 
3. Interface Management: B787 * 
The Boeing 787 Dreamliner is currently in the design phase and its first flight test 
is imminent. Take a look at the exploded view of the aircraft and consider the 
interfaces between its major modules: 
http://web.mit.edu/deweck/Public/787_BringingTogether.pdf. Select from the 
following list the two interfaces you think are the most complex from a systems 
engineering perspective. 
 
 Wing Tips - Wing 
 Wing - Trailing Edge (both fixed and movable) 
 Wing - Engine Nacelles 
 X Wing - Center Fuselage 
 Forward Fuselage (orange section) - Center Fuselage 
 X Forward Fuselage (orange section) - Forward Fuselage (red section, incl. 
cockpit) 
 Wing/Body Fairing - Center/Forward Fuselage 
 Engines - Engine Nacelle 
 Wing - Fixed and Movable Leading Edge 
 Landing Gear - Main Landing Gear Wheel Well 
 Main Landing Gear Wheel Wheel Center Wing Box 
 Center Fuselage - Aft Fuselage 
 Passenger Entry Doors - Fuselage 
 Horizontal Stabilizer - Aft Fuselage 
 Tail Fin - Aft Fuselage 
 
2 points 
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4. B787: Dreamliner * 
Explain in a couple of sentences your choices of the most complex interfaces in 
the B787 
 
The wing to center fuselage interface is one of the most complex ones because it 
has a large geometric extent, and because very large mechanical loads such as 
shear forces, wing torsion and the main wing bending moments are carried into 
the fuselage. Additionally, there are fuel lines to pump fuel between wing tanks 
for fuel balancing as well as electrical energy and controls for all the wing 
actuators such as the leading and trailing edge flaps. Thus, all 4 interface types 
discussed in class (physical, mass, energy, information) are present at this 
interface. The second main interface is between the cockpit section (forward 
fuselage) and the center fuselage since the cockpit acts as the “brain” of the 
aircraft and carries all the control sensor and actuator signals into the rest of the 
vehicle. Some of the other interfaces are also complex, but these two are 
particularly important. 
 
3 points 
 
5. B787: Schedule overruns * 
The B787 is currently about two years behind its original completion schedule. A 
summary of the current situation is given here: 
http://online.wsj.com/article/SB125137695239363401.html . As a systems 
engineer provide a brief analysis of the root causes of this delay as you 
understand them and articulate what could have been done differently. 
 
The B787 is a major advancement in terms of wide body commercial aircraft 
architecture and technology. First, the aircraft features a nearly all-composite 
fuselage and wing and this new structural technology required a lot of 
development in the areas of composite lamination/fabrication, curing, mating with 
new types of fasteners etc.. Furthermore the B787 utility systems are much more 
complex than previous aircraft such as the B777 and while hydraulics are still 
used locally, the aircraft is primarily driven by electric power. Thirdly, the 
Dreamliner implemented a new approach to final assembly and supply chain 
management. Major sections of the aircraft are manufactured and pre-fitted 
around the world by over two dozen primary suppliers with the intent that final 
assembly at Boeing could be accomplished in only 3 days. This process change 
caused Boeing to have less direct control over and visibility into the second and 
third tier suppliers, which caused additional rework and delays. The first test flight 
of the B787 occurred on December 15, 2009. In terms of delays some of the 
problems might have been mitigated - but not altogether avoided - by additional 
oversight and coordination with 2nd and 3rd tier suppliers as well as additional 
upfront risk reduction in composite manufacturing and final assembly/fastener 
processes. Also, Boeing presented an overoptimistic schedule to investors and 
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customers and lost a lot of value due to missed contractually obligated delivery 
dates. Ultimately, however, it is expected that the B787 will be both a 
technological and commercial success. 
 
3 points 
 
6. NASA SE Handbook: Continuous Risk Management (CRM) 
Which of the following steps are part of the CRM process as presented in the 
NASA Systems Engineering Handbook ? (see Section 6.4.2.1) 
 
 Plan 
 Iterate 
 Control 
 Eliminate 
 Track 
 Identify 
 Estimate 
 Analyze 
 Interface 
 Communicate, Deliberate and Document 
 Compare 
 
5 points 
 
7. Risk Management * 
Which of the above steps in risk management of complex aerospace projects do 
you think is the most difficult and why 
 
This is not an easy question as the answer may be context dependent. For a very 
novel project or mission risk identification may be the most difficult step because 
adverse events and their probability of occurrence may be unknown unknowns. 
For more mature missions and projects the risks may be easier to identify but the 
best actions to take for risk mitigation (plan-track-control) may be the most 
difficult to determine. Of the listed steps risk analysis may be the easiest given 
appropriate technical, cost and schedule models. 
 
2 points 
 
8. NPV Analysis * 
Perform an NPV analysis for a hypothetical aircraft design and production 
program. Assume that the development of the new aircraft costs $5 billion total 
and occurs over 5 years, with a uniform distribution of costs across years. 
Assume that there is a cost of $3 billion for tooling and manufacturing setup 
during year 5 to get ready for production. Sales begin in year 6 and end in year 
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15 with 100 aircraft sold per year at a fixed price of $20 million a piece. The fixed 
recurring manufacturing cost each year is $500 million. The variable 
manufacturing cost per aircraft is $15 million for the first unit but then decreases 
over time with a learning curve factor of b=0.9. Assume a discount rate of r=10%. 
What is the NPV in $ for this program? 
 
The discounted cash flow analysis for the aircraft program example is shown in 
the figure below. The first five years show negative cash flow, while years 6 to 15 
have positive cash flow. A spreadsheet with this analysis has been posted to 
stellar. 
 

 
 
Answer : B$ -2.38  (or B$ -2.62 if discounting starts in 0-th year) 
 
5 points 
 
 
9. NPV Analysis - comments 
Comment on the NPV analysis you conducted above. Is this program worth 
doing? What are some factors or events that could increase or decrease NPV? 
 
The most difficult part of this NPV analysis is to compute the learning curve for 
aircraft variable manufacturing cost and make sure the correct serial numbers are 
added together in groups of 100. If discounting starts in year 1 then the NPV is 
negative, i.e. -B$ 2.38, if it starts in year 0 then the NPV is also negative -B$ 
2.62. Based on this analysis is does not appear that this program is in the money 
and is not worth doing. Factors that could improve the NPV are an increase in the 
price for each aircraft and an increase in the number of units sold per year. On 
the cost side it could be helpful to reduce RDTE and especially tooling/setup cost 
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which contributes to the big negative cashflow in year 5. Also if production could 
start earlier and run at lower fixed and variable cost it would be helpful. 
 
2 points 
 
10. Cost Estimation Relationships * 
Your task is to create a cost estimation relationship for unmanned planetary 
spacecraft with a dry weight between 100 and 1000 kg. The functional form of the 
CER is Total_Cost = A + B* Dry_Weight^C. Use the NASA online spacecraft 
model to generate data for this task: http://cost.jsc.nasa.gov/SVLCM.html. 
Calculate what you think are the appropriate parameters A, B, C that most 
closely approximate the data provided by the cost simulator. Comment on the 
shape of this CER and the underlying reasons why it may be so. 
 
The CER is of the form Ctot=A+B*Mdry^C. 
 
Total cost estimates for the unmanned planetary spacecraft are generated using 
the online NASA tool for every 100kg increment between 100kg and 1000kg dry 
mass. Then the “actual cost” and cost produced by the CER can be compared as 
shown below. 
 

 
x-axis: dry mass in [kg], y-axis: Total spacecraft cost in [$M] 
 
 
The values of A,B and C can be adjusted by trial and error until the two curves 
match closely. A more rigorous approach is to compute the root-sum-square 
(RSS) error and to minimize it by finding optimal values for A, B, and C. 
 
The above CER (blue) curve was created with  
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A= 0 $M,  
B=14.332 $M/kg and  
C=0.5638.  
 
The value of C, the exponent, indicates that there are significant economies of 
scale (EOS) in the design of planetary spacecraft. 
 
4 points 
 
Total: 30 Points maximum 
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