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Road Map 

§  Session 1 
–  Introduction to Systems Analysis 

§  Session 2 
–  Multi-Objective Decision Making 

§  Session 3 
–  Water – Energy - Food Nexus 

§  Session 4 
–  Global Perspectives on WEF 
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§  In	complex	systems,	decision	analysis	o2en	involves	mul5ple	objec5ves,	
mul5ple	criteria	or	mul5ple	a9ributes		
–  it	is	very	rare	to	have	only	a	single	basis	of	evalua5on	

§  Typically,		there	are	many	criteria	that	factor	in	decision	making	and	final	
selec5on	
–  performance	level	

–  economic	considera5ons	are	prominent	and	important	

–  social	and	environmental	considera5ons	also	factor	in	heavily		

§  Example: Multi-purpose storage dams serve to store water for irrigation, 
generate electricity, and protect against floods 

Decisions for system design and management 
often involve multiple criteria 
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Large-Scale Systems Serve Multiple Objectives  

§  To obtain a single global optimum over all objectives, we will need 
means to state the value of each objective 

§  In some cases the objectives can be measured in similar units (e.g. $, 
or time etc.) 
–  This case can then be converted into a single objective problem 

§  In many cases the objective can not be meaningfully compared (e.g. 
what is the monetary value of lives saved?) 
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Mul$-criteria	decision	making 

A	number	of	methods	have	been	developed	:	
	

	Elimina5on	methods	(dominance,	sa5sficing)	
	

	Addi5ve	weigh5ng	techniques	
	

	Mul5-objec5ve	op5miza5on	(MOO)		
		
	Mul5-a9ribute	u5lity	analysis	(MAUA)	
		
	Mul5-criteria	decision	analysis	(MCDA)	
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§  Elimina$on	methods	help	in	removing	alterna$ves	from	a	larger	set	of	op$ons	
–	and	thereby	help	in	simplifying	the	decision	problem.	

§  Elimina5on	simply	discards	(rejects)	alterna5ves	–	it	does	not	necessarily	iden5fy	
a	final	selec5on.	

§  Elimina5on	methods	can	be	used	for	cases	where	values	and/or	outcomes	can	be	
specified	for	all	criteria	and	for	all	alterna5ves.	
–  The	criteria	values	should	be	rank	orderable	(ordinal)	

§  An	important	limita5on	of	elimina5on	methods	is:	
–  They	do	not	account	for	specifying	rela$ve	importance	among	the	different	

criteria	

Systematic Elimination 



7 

§  Defini$on:	If	an	alterna5ve,	A,	is	be9er	than	or	equal	to	another	alterna5ve	,	B,	
across	all	criteria,	then	B	is	said	to	be	dominated	by	A	

§  The	simplest	elimina5on	method	is	to	check	for	dominated	alterna5ves,	and	
remove	them	from	further	considera5on.	

Suppose it is desired to maximize all attribute values.  
Two alternatives, A and B are available: 

The criterion vectors for A  and B  are expressed as: 

Then  A  dominates  B iff   

€ 
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ai ≥ bi ∀ i and ai > bi for at least one i

Dominance 
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Criterion	 A	 B	 C	 Ideal	

C1	 26	 23	 28	 30	

C2	 2	 3	 3	 4	

C3	 11	 14	 13	 15	

Are there any dominated alternatives? 

Dominance example 
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A1 A2 A3 A4 A5 
GWh 850 760 530 808 730 
$/kW 1,800 2,100 1,900 1,600 2,200 

m3/MWh 75 95 80 120 135 
kg/GJ 240 211 190 143 265 

Which alternatives are non-dominated? 

max {annual energy generation} 
min {cost} 
min {water withdrawal} 
min {GHG emissions} 

[GWh] 
[$/kW] 
[m3/MWh] 
[kg/GJ] 

A new thermal electric power plant is to be built. It is desired that the new 
plant adheres to stricter environmental standards of reduced water 
withdrawals and Green House Gas (GHG) emissions. It is desired to 
have the maximum possible energy generation. There are six possible 
design alternatives (shown in the table below):  

Dominance example 
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Pair-wise comparison for identifying non-dominated alternatives: 

850     >?  760 
1800 <?  2100      
75     <?  95 
240   <?   211 
 

Score 
   A1 

Score 
   A2 A1 A2 

1 0 
1 0 
1 0 
0 1 

3 vs 1 
A1 is better than A2 in 
3 criteria, but is not 
better in all criteria. 

850    >? 730 
1800  <? 2200      
75     <?   135 
240  <?   265 
 

Score 
   A1 

Score 
  A5 A1 A5 

1 0 
1 0 
1 0 
1 0 

4 vs 0 
Alternative A1 dominates 
Alternative A5 

A dominated alternative has a total score 
of zero in a pair wise comparison 
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§  Sa5sficing	is	also	known	as	the	’method	of	feasible	ranges’.	
–  In	this	approach,	sa5sfactory	performance,	rather	than	op5mal	performance	

is	good	enough	for	decision-making.	

	

§  A	standard	is	established	for	each	a9ribute,	i.e.	maximum,	minimum,	values	that	
are	allowed	for	the	a9ribute	

§  If	all	the	a9ribute	values	for	an	alterna5ve	fall	within	the	acceptable	range,	the	
alterna5ve	is	retained,	otherwise	rejected.		

§  Sa5sficing	is	more	difficult	to	use	than	dominance,	because	it	requires	
establishing	standards	(or	feasible	ranges)	for	all	the	a9ributes.	

§  Sa5sficing,	like	dominance,	is	used	to	reduce	the	set	of	alterna5ves,	rather	than	
to	make	final	selec5ons/choices.	

	

Satisficing 
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	In	the	power	plant	selec5on	problem,	suppose	the	environmental	protec5on	
agency	(EPA)	has	recently	announced	maximum	allowable	limits	for	
emissions	from	thermal	power	plants	to	be	220	kg/GJ.	Furthermore,	due	to	
an	extended	drought	in	the	region,	new	plants	are	to	comply	with	
withdrawal	limits	of	100	m3/MWh.	 		

	

Which alternatives are feasible? 

A1 A2 A3 A4 A5 
GWh 850 760 530 808 730 
$/kW 1,800 2,100 1,900 1,600 2,200 

m3/MWh 75 95 80 120 135 
kg/GJ 240 211 190 143 265 

Satisficing Example 
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A1 A2 A3 A4 A5 
GWh 850 760 530 808 730 
$/kW 1,800 2,100 1,900 1,600 2,200 

m3/MWh 75 95 80 120 135 
kg/GJ 240 211 190 143 265 

alternatives A1 and A5 do not satisfy the maximum 220 kg/GJ limit 

alternative A4 does not satisfy the maximum 100 m3/MWh 
limit 
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§  In	evalua5ng	alterna5ves	with	a	set	of	criteria,	it	is	common	that	some	criteria	
are	more	important	than	others.		

§  The	weigh5ng	method	of	evalua5on	incorporates	the	different	priori5es	that	a	
decision	maker	may	consider	for	different	a9ributes	of	the	alterna5ves.	

§  Weigh5ng	methods	can	be	used	for	determining	the	‘best’	alterna5ve	from	a	
given	set	of	possible	op5ons.	

§  Addi5ve	weigh5ng	is	one	of	the	most	widely	used	single-dimension	method	since	
it	includes	both	the	performance	and	the	importance	of	a9ributes	in	evalua5ng	
alterna5ves.	

§  A	key	limita5on	of	this	method,	is	that	it	is	subjec5ve,	and	a	decision	maker’s	
judgment	influences	the	outcome	for	the	‘best’	iden5fied	alterna5ve		

Additive Weighting Method 
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§  In	the	addi5ve	weigh5ng	method,	a	set	of	weights	are	assigned	to	the	a9ributes	
used	in	evalua5ng	alterna5ves.	The	weights	should	sum	up	to	1.0	or	100%.	The	
weights	reflect	the	priority	of	each	a9ribute.	

§  The	a9ributes	for	each	alterna5ve	are	then	standardized	and	converted	into	non-
dimensional	form	for	consistency.	 		
–  non-dimensional	scaling	when	small	values	are	desirable	(e.g.	cost,	distance):	

	

§  The	non-dimensional	data	(of	the	performance	of	each	a9ribute	for	all	
alterna5ves)	is	then	weighted	using	the	a9ribute	weights	and	summed	to	get	
overall	measure	for	each	alterna5ve.	

€ 

Rating =
Worst Outcome -  Outcome being made dimensionless

Worst outcome -  Best outcome

€ 

Rating =
Outcome being made dimensionless - Worst Outcome

Best outcome - Worst outcome 

- when large values are desirable: 
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A 1 A 2 A n 

Criteria W Normalized 
Performance 

Weighted 
Value 

Normalized 
Performance 

Weighted 
Value 

Normalized 
Performance 

Weighted 
Value 

c1 w1 p11 v11 p12 v12 p1n v1n 

c2 w2 p21 v21 p22 v22 p2n v2n 

: : : : : : : : 

cm wm pm1 vm1 pm2 vm2 pmn vmn 

Total 
Score Σ vi1 Σ vi2 Σ vin 

€ 

vij = wi * pij

wi
i=1

m

∑ =1

 
pij:  normalized performance for ith criterion of jth alternative  
 
vij:  weighted normalized performance for ith criterion of jth 
alternative 
 
wi:  weight of ith criterion 

16 

Multi-Criteria Decision Matrix 

….   .  ... 
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A	new	Run-of-River	(RoR)	hydroelectric	power	system	is	to	be	installed	on	a	
snow	fed	river	in	a	remote	mountainous	area.	There	are	several	different	
alterna$ves	that	have	been	proposed	from	various	engineering	firms.	As	head	
of	the	local	water	and	power	agency,	you	need	to	pick	the	best	op$on.	
You	gather	a	team	of	experts	who	mutually	decide	on	the	set	of	evalua$on	
criteria	shown	in	the	table.	The	experts	also	recommend	using	the	weights	–	as	
shown	in	the	table	-		for	each	aMribute.		

The ideal alternative will have lowest cost of energy, highest mean 
annual energy generated, longest hydrological record, shortest 
distance to nearest grid/load center, and excellent location 
accessibility.  

Additive Weighting Example 

20 
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H1	 H2	 H3	 H4	

Cost	of	Energy	[cents/kWh]	 2.75	 2	 1.75	 2.25	

Mean	annual	energy	genera5on	[kWh]	 1900	 3000	 2300	 2800	

Length	of	hydrological	record	[yrs]	 20	 50	 15	 30	

Distance	to	nearest	load	center	[km]	 30	 55	 40	 60	

There are four feasible alternatives proposed for the RoR 
hydropower system. The specific values for the attribute set for 
each alternative are shown in the table below:  

Which system should be selected? 



19 

Value	 Ra$ng	Procedure	 Dimensionless	
value	

Cost	of	Energy	[cents/kWh]	 1.75	
2	

2.25	
2.75	

(2.75-cost)/(2.75-1.75)	 1.00	
0.75	
0.50	
0	

Mean	annual	energy	
genera5on	[kWh]	

1900	
2300	
2800	
3000	

(mean	energy-1900)/
(3000-1900)	

0	
0.36	
0.82	
1.00	

Length	of	hydrological	record	
[yrs]	

15	
20	
30	
50	

(length	of	record-15)/
(50-15)	

0	
0.14	
0.43	
1.00	

Distance	to	nearest	load	center	
[km]	

30	
40	
55	
60	

(60	–	distance)/
(60-30)	

1.00	
0.67	
0.17	
0	
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H1	 H1	Normalized	Value	

Cost	of	Energy	[cents/kWh]	 2.75	 0	

Mean	annual	energy	genera5on	[kWh]	 1900	 0	

Length	of	hydrological	record	[yrs]	 20	 0.14	

Distance	to	nearest	load	center	[km]	 30	 1	
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System H2 offers the best solution 
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0.25 
0.25 
0.1 
0.4 

Suppose a local 
environmental preservation 
group is asked to assign 
weights for the selected 
attributes of the 
hydropower systems. The 
group selects the weights 
(as shown) wherein cost is 
given low importance and 
variables that relate to 
environmental impact such 
as location accessibility 
and distance to nearest 
grid are given more 
importance.  

The ‘best’ alternative in this case is H3! 
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§  Different	stakeholders	may	have	different	priori5es	and	therefore	will	
likely	use	different	set	of	criteria	and	weights	to	evaluate	alterna5ves	

§  The	best	alterna5ve	can	differ	for	different	stakeholders	

§  Solu5ons	are	subjec5ve	

Evaluative Complexity 



24 

Traditionally - single objective constrained optimization: 

If f(x) linear & constraints linear & single objective = LP 
 
If f(x) linear & constraints linear & multiple obj.  = MOLP 
 
If f(x) and/or constraints nonlinear & single obj.  = NLP 
 
If f(x) and/or constraints nonlinear & multiple obj.  = MONLP 

Optimization Methods 

maxJ = f (x)
s.t
x ∈ S S: Feasible region 



25 

Multi-objective (or Multi-Criteria) Optimization   
 

minJ x,p( )
where   J = J1 x( ) ! J z x( )⎡

⎣⎢
⎤
⎦⎥

T

            x = x1 ! xi ! xn
⎡
⎣⎢

⎤
⎦⎥
T

x : decision vector/design vector 
p : parameters vector 

s.t.   g(x,p) ≤ 0   
        h(x,p)=0
xi ,LB ≤ xi ≤ xi ,UB (i = 1,...,n)

g = g1(x)! gm1 (x)
⎡
⎣

⎤
⎦
T

h = h1(x)! hm2 (x)
⎡
⎣

⎤
⎦
T
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§  F.Y. Edgeworth, in 1881 at Kings College London, defined an optimum for 
multicriteria economic decision making for the multi-utility problem within 
the context of two consumers, P and π: 
–  “It is required to find a point (x,y,) such that in  

 whatever direction we take an infinitely small step,  
 P and π do not increase together but that, while one  
 increases, the other decreases.” 

 

§  Vilfredo Pareto while working in Florence as a Civil Engineer, takes up the 
study of philosophy and politics and is one of the first to analyze economic 
problems with mathematical tools.  

§  In 1893, Pareto creates one his most famous theories: 
–  The Pareto Optimum 

-  “The optimum allocation of the resources of a society is not 
attained so long as it is possible to make at least one individual 
better off in his own estimation while keeping others as well off 
as before in their own estimation.” 

 
 

Development of Multi-criteria Decision Methods  
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§  After the translation of Pareto’s Manual of Political Economy 
into English, researchers begin to apply the notion of Pareto 
Optimality to the fields of engineering and science in the middle 
1970’s. 

§  The applications of multi-objective optimization in engineering 
design grew over the following decades. 
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Two fundamental approaches: 

max U J1,J2 ,…,J z( ){ }
s.t.   Ji = fi x( )     1≤ i ≤ z

       x ∈ S

Scalarization  
Approaches 

Pareto  
Approaches 

1 2

1 2

        

and    for 
at least one 

i i

i i

J J i
J J

i

≥ ∀

>

Preferences  
included upfront 

Preferences  
included a posteriori 
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Scalarization Method 

min J = wiJi
i=1

k

∑

s.t
h(x) = 0
g(x) ≤ 0

The multi-objective problem is changed into a single objective  
optimization problem. 
 
 
By varying the weights, a series of optimization problems are  
solved to determine the Pareto set 

wi =1
i=1

k

∑



30 

x1 

x2 
S 

x1* 

constraints 

Optimal solution 
if only J1 considered 

x2* Optimal solution 
if only J2 considered 

What is the optimal 
solution of a MOLP? 

max J 2 = c
2x{ }

s.t.     x ∈ S

SOLP vs MOLP 

Credit: Olivier de Weck, MIT 

max J1 = c
1x{ }

s.t.     x ∈ S
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x1 

x2 

S c1 

x1 

x2 
c2 

constraints 

Each objective i is multiplied by a strictly positive scalar λi 

λi =1
i=1

k

∑

x3* 

Solve the Weighted 
Sum Linear 
Program (WSLP) 

c3 
1 2λ λ=3 1 2c c + c

criterion 
cone 

Scalarization: Weighted Sum Approach 

Credit: Olivier de Weck, MIT 

You create a new 
objective function which 
is a linear combination 
of objective functions 
J1 and J2 



32 © Massachusetts Institute of Technology - Prof. de Weck and Prof. Willcox 
Engineering Systems Division and Dept. of Aeronautics and Astronautics 

Filtered the 
Full Factorial 
Set: 3721 

Non-dominated 
set approximates 
Pareto frontier: 
79 points (2.1%) 

Example: Non-Dominated Set 
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Global Capacity Cs [# of duplex channels] 
 

  
10 3 

10 4 
10 5 

10 6 
10 7 10 

0 

10 
1 

Li
fe

cy
cl

e 
C

os
t [

B
$]

 

Pareto  
Front 

de Weck, O. L. and Chang D.,  ”Architecture Trade Methodology for LEO Personal Communication Systems “, 20th International 
Communications Satellite Systems Conference, Paper No. AIAA-2002-1866, Montréal, Québec, Canada, May 12-15, 2002.  

Example: Design Solutions for Satellite 
Communication Systems 
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Trade Space Exploration in Engineering Design 



35 

Example: Global Coverage Satellite Constellation 

Credit: Olivier de Weck, MIT 

'Motorola unveils new concept for 
global personal communications: 
base is constellation of low-orbit 
cellular satellites',  
Motorola Press Release regarding the Iridium 
System, London, 26 June 1990.   

 

‘Iridium LLC seeks bankruptcy 
protection ….Iridium has sapped 
more than $5 billion in resources 
from investors world-wide.’  
Wall Street Journal, New York, 16 August 1999. 
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Design (Input) Vector X 

The design variables are: 
Constellation Type: C 
Orbital Altitude: h 
Minimum Elevation Angle: εmin 

Satellite Transmit Power: Pt 

Antenna Size: Da 

Multiple Access Scheme MA: 
Network Architecture: ISL 

 

Design Space 
Polar, Walker 

500,1000,1500,2000 [km] 

2.5,7.5,12.5 [deg] 

200,400,800,1600,2400 [W] 

1.0,2.0,3.0 [m] 

MF-TDMA, MF-CDMA [-] 

yes, no [-] 

This results in a 1440 
full factorial, combinatorial 
conceptual design space 

Astro- 
dynamics 

Satellite 
Design 

       C: 'walker' 
       h: 2000 
    emin: 12.5000 
      Pt: 2400 
      DA: 3 
      MA: 'MFCD' 
     ISL: 0 

X1440= 

Credit: Olivier de Weck, MIT 



37 

Objective Vector (Output) J 

§  Performance (fixed) 
–  Data Rate per Channel: R=4.8 [kbps] 
–  Bit-Error Rate: pb=10-3 

–  Link Fading Margin:   16 [dB] 

§  Capacity 
–  Cs: Number of simultaneous duplex channels 

§  Cost 
–  Lifecycle cost of the system (LCC [$]), includes: 

-  Research, Development, Test and Evaluation (RDT&E) 
-  Satellite Construction and Test 
-  Launch and Orbital Insertion 
-  Operations and Replenishment 

–  Cost per Function, CPF [$/min] 

Consider 
        Cs: 1.4885e+005 
     Clife: 1.0170e+011 
       LCC: 6.7548e+009 
       CPF: 6.6416e-002 

        

J1440= 

Credit: Olivier de Weck, MIT 
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Multidisciplinary Simulator Structure 

Constellation 

Satellite 
Network 

Link 
Budget 

Spacecraft Cost Launch 
Module 

Capacity 

Input 
Vector 

Constants 
Vector 

Output 
Vector 

x p 

J 

satm

 
*Only partial input-output relationships shown 

min,h ε

,T p nGWspotn

sR sC
LCC

, ,t aP D MA

ISL

satm

LV

satm Satellite Mass 

T Number of Satellites 
p Number of orbital planes 

spotn Number of spot beams 

nGW Number of gateways 

LV Launch vehicle selection 

Credit: Olivier de Weck, MIT 
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Trade Space  Exploration 

§  Designers look for a Pareto Optimal solution in the Trade Space 
given a targeted capacity. 

10 3 10 4 10 5 10 6 10 7 10 0 

10 1 

Global Capacity Cs [# of duplex channels] 
   

Li
fe

cy
cl

e 
C

os
t [

B
$ 

 F
Y 

20
02

] 

Iridium simulated 
Iridium actual 

Globalstar simulated 
Globalstar actual 

Pareto  
Front 

 If actual demand is below 
capacity, there is a waste 

waste under 
cap 

 If demand is over the capacity,  
market opportunity may be missed 

s( )dC 1
sC sf C

∞

−∞

=∫

Demand distribution 
Probability density function 

0 ( ) for all x s sf C C≤

{ } ( )d
s

b

s C s s
a

P a C b f C C< ≤ = ∫

Credit: Olivier de Weck, MIT 
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Strategic Planning for Future Expansion: Staged 
Deployment 

§  The traditional approach doesn’t reduce risks because it cannot 
adapt to uncertainty 

§  A flexible approach can be used: the system should have the ability 
to adapt to the uncertain demand 

§  This can be achieved with a staged deployment strategy: 
–  A smaller, more affordable system is initially built 
–  This system has the flexibility to increase its capacity if demand is 

sufficient and if the decision makers can afford additional capacity 
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Constant: 

Pt=200 W 

DA=1.5 m 

ISL= Yes 

Li
fe

cy
cl

e 
co

st
 [B

$]
 

System capacity   

h= 2000 
km 
ε = 5 deg 
Nsats=24 

h= 800 km 
ε = 5 deg 
Nsats=54 

h= 400 km 
ε = 5 deg 
Nsats=112 

h= 400 km 
ε = 20 deg 
Nsats=416 

h= 400 km 
ε = 35 deg 
Nsats=1215 

family 

Total: 40 Paths 

Staged Deployment Paths in the Trade Space 

Credit: Olivier de Weck 
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Optimal Stage A 

Optimal Stage B for various Cs 

Staged Communication Satellite Constellation Deployment 

Siddiqi, A., de Weck, O. L., “Optimal Reconfiguration of Communication Satellite Constellations”, AIAA 
Conference, Houston, TX, 2005 
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Tradeoffs in energy and food security? 

Trade-off curve change due to investments 

Trade-off curve change due to climate change 

Image Credit: Ethan Yi-Chen, Umass Amherst 
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Projects by District 

Projects by Province  
and Status 

Trade space analysis can improve decisions for 
hydropower development in the Indus Basin 

Siddiqi, A., Wescoat, J.L. Jr., Afridi, K., and Humair, S., (2012), “An Empirical Analysis of the Indus Basin 
 Hydropower Portfolio”, Energy Policy, 50, pp 228-241 
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§  In	complex	systems,	decision	analysis	o2en	involves	mul5ple	objec5ves,	
mul5ple	criteria	or	mul5ple	a9ributes		

	

§  Elimina5on	methods	help	in	removing	alterna5ves	from	a	larger	set	of	op5ons	
–  Dominance	and	Sa5sficing	can	be	used	to	eliminate	alterna5ves	

•  A multi-objective problem has more than one optimal solution 

•   All points on Pareto Front are non-dominated 

•  Trade-space analysis allows for understanding tradeoffs among system 
objectives and for making strategic decisions  

Review 



46 

QUESTIONS? 


