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Interdependent Infrastructures
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Multi-Stakeholder/MultiObjective Optimization
MultiObjective Optimization

Inmin {fl(x)’fQ(x)77fN(x)} fl(m)
s.t. g(x) <0

Weighted Form
mxin wy f1(x) + wafa(x) + ...+ wn fn(z) rr%ljin WTf(x)

5.t g(z) <0 s.t. g(z) <0

Technical Issues:
- Multiple Decision-Makers — Ambiguity, Disagreement
- Multiple Objectives — Dimensionality

High Cost Low Cost
Low Environmental Impact High Environmental Impact
Power Plant I Power Plant II

| Stakeolders Stakeholders Stakeholders



Metrics Involved in Evaluation of Lightbulbs

Resource Impacts Air Impacts

Global Warming

Hazardous Waste Landfill

Non-Hazardous Waste Stratospheric Ozone
Landfill Depletion
Ab'(ggp?;isgnu 5 Human Toxicity

Terrestrial Ecotoxicity Ffesggg::;igguatlc
Ecosystem Damage arine Aquatic Ecotoxicity

utrophication

Soil ImpaCtS ——Inc —8—CFL —4—LED-2012 —=—LED-2017 _

Building Technology Office, U.S. Department of Energy




Multiobjective Optimization

MOO

min (f1(z), fa(z)..., fn(z))

reX

Utopia Point
f. :=min fj(x), i€ O:={l.n}

—t reEX

x; := argmin f;(x), 1€ O
TEX

Nadir Point
fi = max{fi(z,), fi(zy), ..., filz,)}, €O

Re-Scaling

A filz) = f

fz(x)% T_f_za 1€ 0

Compromise Solution

z” = min ||f(2)[],

f(z) := (f1(2), f2(2), ..., fn(2))
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Issues:
- Ambiguity: Meaning of Compromise?
- Dimensionality: Construct Pareto Set?



Multiobjective Optimization
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Definition: (Weak Pareto Optimality) A decision x* with f;(z*), i € O is
a weakly Pareto optimal solution of MOO if there does not exist an alternative
solution z with objectives f;(Z), i € O satisfying f;(Z) < f;(z*) for all i € O.

Definition: (Pareto Optimality) A decision x* with f;(z*), i € O is a Pareto
optimal solution of MOO if there does not exist an alternative solution  with
objectives f;(%), i € O satisfying f;(%) < f;(z*) for all i € O and at least one
index i satisfying f;(Z) < fi(x*).



Multistakeholder Optimization

Ideal Stakeholder Solution

*

reEX

Stakeholder Dissatisfaction Function
di(z) := wl (f(a;') — f;)

J

. 7= ()

J J

Average Dissatisfaction Dyer, 1992

min 1 Z d;(z)

TEX M
JES

Worst-Case Dissatisfaction Mehrotra, 2012

) 4.
i s i)

Conditional Value-at-Risk This Work
min CVaR,, (d(x))

reX

T; 1= argmin Wij(SU), jeS ={l.m} w; : Stakeholder Priority Vector

L
\ \\ d 1 (LE * )
£3\ .
Multi-Stakeholder
Compromise
do (LE * ) x *
o) T
0 f2(z) 1

Key Observation: Interpret Opinions as Samples from Population



Condil‘iona| Value At RiSk (Cva R) Rockafellar & Uryasev, 2000

Key Property

CVaRa|d(2)] lim CVaR,| Z d;(
1 m 1 a—0 s
= min — v+ [d;(z) — V] "
: mZ[ g @) vy algrg@VaR[()]—r;g;«{d()}
g

Max Consequence

Consequence

Deviation

CVaR Deviation

Question: Are CVaR Solutions Pareto Optimal?



Geometric Interpretation

Disagreement Vector

dj(x) == w; (f5(z) —fF),j €S

d(z) := [di(z),d2 (), ..., dm(x)]

Definition: (Scaled L, norm). Consider a fixed decision x € R"™* and the
dissatisfaction vector d(z) € R"™. The scaled L, norm (denoted as L") of d(z)
is defined as,

I3

[d(x)l|," == Z d;(z . p>1.

The scaled L, norm has the following extreme cases,

@) = — 3 |d; ()

e lehss = muensjeiya)]



Geometric Interpretation
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The Cva R Norm Pavlikov & Uryasev, 2014

Definition: (Scaled CVaR norm). Consider the vector d(z) € R™ a Norm Conditions:
assume (without loss of generality) that dl( ) < dg(x) < - < dpy(x) holds Homogeneity:

Define also the scalars «; = ¥ =, J=0,. — 1. The scaled CVaR norm of p(Ax) = Ap(x)

vector d(z) with parameter «; is defined as, Subadditivity:

p(x1,%x2) < p(x1) + p(x2)
d(z) > 1 i 0,(2) Norlgr(;?lizgd:
<L d(x o= 132 ) =
J m — j ol p

CVaR Norm Properties: For fixed x consider the discrete random variable
d(z) with outcomes di(z),da(x), ..., dp,(z), probabilities p; = =, j € S, and
the corresponding vector d(x).

i) ()™ is a Norm for a € [0, 1]
(d(z))™ = CVaR,(d(z)) for a € [0, 1.
{d(x)ho" = lld(z)[I7"

(d(@))a = ld(@)[|Z for =2 <a<l.

iv

y
i)
iii)
)
v) For a such that o; < a < i1, 7=0,...,m —2:

o (jp1—)(1—ay)
T (yr1—oy)(1-a)”

with p

vi) (d(x))2 is a nondecreasing function of a € [0, 1].



The CVaR Norm ruvikov 2 Uryasev, 2014
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Pareto Optimality of CVaR Solutions

MOO CVaR Problem
: . m . 1 <
;Iél)f(l (fl(x), fg(ilf), fn(x)) min < d(z) > <= (m,yl)llelgx%y+m;(dj(x>_y)+

Lemma: Consider decisions z,z* with corresponding d;(Z),d;(z*). We have:

dj(z) <dj(z"), j€ S = (d@)s < (d(z"))qa’, ac0,1].

o)

Theorem: Let * be a solution of the CVaR problem. We have:
1. If ng) >0, j €S8,i€ O then z* is weak Pareto for MOO Vo € [0, 1].

2. If W§i) >0, j €S8,i€ O then z* is Pareto for MOO Va € [0, 1].

Proof of Weak Pareto: z* is optimal for CVaR and thus {(d(z))? >
(d(z*))™ for any x € X. Assume x* is not weakly Pareto optimal. This
implies that there exists an alternative z € X such that f;(z) < f;(z*) for all

i € O. We thus have that w; f(Z) < w, f(z*) for any w; with wﬁi) > 0 and

Y ico ng) = 1. Consequently, d;(z) < dj(z*) for all j € S. From previous
Lemma we also have that (d(z))» < {(d(z*))7. We thus have that the

(87
alternative Z cannot exist and we have a contradiction.



lllustrative Example
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lllustrative Example
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BioGas Facility Location

T Y e e
Mexico : T 5 Total phosphorus (P
)%: v A Map data €2012 Google, INEGI, MapLin! = 5 Cwmnrr:;og;n‘ma;rnzgmop«’ :{hons (CAFOSs) ]r T ?k \ p p (P)
= i iry Farm rations \_
? & oairy 9 & swine Q@ & pouttry 9 & seer 9 & Mixed in the State of Wisconsin 4 b
8
- Number of Dairy Farms
S Methane Potential - : L  gwehivekide
(tonnes/yr) y 4% 5. . 1025
. s - A 261050
Wastewater 2,339,339 ' A - ; 1 5110 100
Landfills* 2,454,974 10110200
o 201 or Move Concentrations, :
in milligrams per liter
Animal manure 1,905,253 City or Village 00120038 {
- Oouly Bostnr m0.039- 0065
IIC organic waste 1,157,883 — 0.067 0'103
Natural Gas Line . -0
BN 0.104-0.
Total 7,857,449 Sai. o= 01651581

Some Info:

U.S. Farm Animals Produce 2 Times the Amount of Waste of Entire Human Population
Single Dairy Cow Generates 20 tons of Waste/year

There are 9 Million Cows in the U.S. (1.2 Million in Wisconsin)

From EPA: 2,000 Farms Could Support Biogas from Waste (Less than 200 Installations)

Challenges:

How to Reconcile Priorities (Emissions/Water/Health/Investment/Not-in-my-Backyard)?
How to Derive Fair Incentives/Regulations?



BioGas Facility Location
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BioGas Facility Location (2 Objectives)

mx E=Y Bl Y LY B

Emissions JEF ieF,jeB JEF

max C=C¢ —C!'-C°-C7

Economics

ET = Z Z DGO IDsel 10,5, 7 Transportation
eF jeB

Tz’,j _ Si,j/S, ieF,jeB Round Trips

Ef = Z ACO,CH, @CH4HHjP Processed Waste
JEF

EV = Z ACO,CH, * QCH4HHf Unprocessed Waste
JEF

ct = ZZ T Investment

— Ci ~Yij

€T jeB

0 — Z Z Czo ) Wi,j Processing Cost
€T jeB

ct = Z Z c;fpj -S4 Transportation Cost
ieF jeB

Ce_ = Z ZCZO . Ce_Gi,j

€T jEB

Electricity Profit
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a O
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o
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BioGas Facility Location (2 Objectives)

Cost
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Compromise Solutions (4 Objectives, 100 Stakeholders)
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Small Facilities
Large Facilities
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Combined Heat & Power (CHP) Units

Traditional System CHP System
oo S 45% Efficiency - e . S 75% Efficiency e

Some Info:

CHP Uses Heat Recovery to Simultaneously Provide Electricity, Heating, and Cooling
CHP Efficiency 70-80% vs. Traditional Power Plant Efficiency 40-50%

U.S. CHP Capacity To Increase from 80GW to 120 GW in 10 Years

Design Challenges:
Capture Dynamic Patterns of Electricity/Cooling/Heating Demands
Many Emerging Technologies with Strong Trade-Offs (Investment, Emissions, Water)



Combined Heat & Power (CHP) Units

AC Absorption Chiller.

D Demands of the housing complex. SOlar Radlatlon
G SC FC Fuel Cell. T
td
ICE Internal Combustion Engine.
MT Microturbine.
SC Solar collector.
—> ICE SE Stirling Engine.
ST Storage Tank
s T = I diisth
) l > ‘{@j > [ T O T
| = A . .
s MT & | Housing Electricity Demand
Fuel storage T Complex RS W N Ll Ll il
tank q e ; l
-Technology
Gae = W
> FC AC
G;-{W_AC
* ot GC}:W
Water Storage s » Electricity bbbl LR
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7 =k hilled ‘NT
Chilled Water -
H,‘f:dm-ﬁchmlogy > Air Conditioning HOt ater Dema,r]:d e
Q —> Cold Water ol 1
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W purhase
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Cooling Demand

750,

Case Study in Pacific Coast of Mexico: : il o
Real Energy Demands & Weather Data for Housing Complex SELAEEEEEENEEEEEEE N
Housing Complex with 420 Units and 2,400 Inhabitants




© Nadir

CHP Units
Stakeholder | Cost Emissions Water 2

A 1/3 1/3 1/3 5

B - 1/2 1/2 @ 18

C 1/2 { 1?2 % 7 Min Water ¢ © Hin 50s

D 1/2 1/2 - ° e ° Min gost
E - 2/3 1/3 15 o

F - 1/3 2/3 is ° °

G 1/3 - 2/3

H 1/3 2/3 - 107

I 2/3 - 1/3

J 2/3 1/3 - Water ol w2 %000

Utopia CO,, [Ton/yr]
Cost (USD/yr) COz (Ton/yr) Water (Kg/yr) CHP Tech CHP Size (kWe)

Min Cost 144,307 3,987 46,411,000 ICE 335
Min Emissions 208,450 1,582 22,186,000 SE 182
Min Water 214,220 1,745 19,602,600 ICE 290
A 182,580 1,679 23,842,000 SE 180
B 144,310 2,016 24,771,000 ICE 285
C 147,120 3,168 37,260,000 ICE 280
D 180,630 1,655 19,603,000 ICE 287
E 193,340 1,582 22,186,000 SE 182
F 193,340 1,582 22,186,000 SE 182
G 184,910 2,482 28,952,000 MT 197
H 144,310 2,016 24,772,000 ICE 285
I 173,190 1,860 23,842,000 SE 181
J 180,630 1,655 19,603,000 ICE 287
Min Average 182,580 1,679 23,842,000 SE 180
Min Worst 144,310 2,016 24,771,000 ICE 285
Utopia 144,307 1,582 19,602,600

Nadir 214,220 3,987 46,411,000




Coherent Risk Measures and Norms

Coherency Conditions:
e Homogeneity: p(AX) = \p(X)

e Subadditivity: p(X; + X2) < p(X1) + p(X2)
e Normalized: p(0) =0

e Monotonicity: If X; < X5 a.s. then p(X7) < p(X2)

Incoherent Risk Measures:
e Value at Risk: VaR,(X) :=inf;cr {t : Pr(X <t) > a}
e Mean-Standard-Deviation: M-SD, = E[X] + Ao (X)?

Coherent Risk Measures:

Expected Value: E[X]

Worst-Case Value: esssup(X)

Conditional Value at Risk: inf.cg {t + L E[(X — t)+]}

Entropic Value at Risk: inf;~( {{logElexp(t X)]}

Some Relationships:

E[X] < CVaR,(X) < EVaR,(X) < esssup(X)
VaR,(X) < CVaR,(X) < EVaR,(X)

Norm Conditions:
e Homogeneity: p(Ax) = A\p(x)

<= o Subadditivity: p(x1,x2) < p(x1) + p(x2)
e Normalized: p(0) =0

(Violates Subadditivity)
(Violates Monotonicity)

’ —-—-VaR ----=-- CvaR

EVaR

ess sup(X)



Generalized Entropy Index

Generalized Entropy Index

o) 1 s;(x) B_ 3
GEB()'_mB(B—l)Z«S(x)) 1)’ et

1€S
1 1
_ B _ ()P
— S\ — ST
BB D) P o ) @)
Mean Log Deviation § =0 fi=2"Qiz 4+ fo= x' Qo + 3
_ 1 1 7 7T 17T 17 17 T T 1
GE0<37) - 10g8<£13) T E Zlogsi(x) 0.9
1€S 08
Theil Index 8 =1 07F
GEi(z) =~ $i(2), . 5(2)
T () () svos|
1 (1 “ 2=12x1072
= 32 <_ > si(x)logsi(x) — 5(z) log 5(%)) oaf Worst
3(z) \m i€S o2} Mean > 3 =0,1,2 02 =0.9 x 1072
. _02 =1.1x 1072
Squared Coefficient of Variation 8 = 2 '

1 O’(ZI}) 2 0 071 0T2 O.IS 0T4 O.IS OTB 0.I7 0.8 0.9
Chae) =3 (s<az>) ﬂ



Fuels, Lubricants

/-

Shipping ST --- *
uel for Generators, Power for A
— Jubricants — — __ Signaling, ran_spor
el ©!' _\, _ _.Switches . \@EIUTINY |
/ i (3N
/ Y 7 ¢° 7 Fuel X N } \

Power for Pumping Y // Transport, N ,
UNIVERSITY OF WISCONSIN-MADISON

)

\ Stations, Storage, 1! 15P7 N
N Control Systems 1 I/ // Shipping N /!
= <~

/ \
/
A N\
I 7] \
1 8 W SSYITIEED )1 a——e /7 \
: %, :.a 3 N //’ Power for™ 9 v:“ \
| E' 13 z _E Power for Pump Compressors, _5‘ :
1€ 19 ER and Lift Stations, Storage, N
| E: laws Control Systems._. Control §<é‘| |
15 eg8 88
181158 water for - @&
] ooling: —=" \
,' 31 12S EC issions /‘ 14 Scap, A 8: !
13t meduction. 2~ | \Com,,, 404, Heat,/ N
@l - \ o, - \\l ]
vl S ,\,\/
\
[ \\ \ 4 // \
- \ [}
\ 70
N < Vi
~ ’
me’ i
-

Decision-Making and Conflict Resolution

fi(z)

L Tt amE
ey N i e

Victor M. Zavala

Department of Chemical and Biological Engineering
University of Wisconsin-Madison
http://zavalab.engr.wisc.edu

With: A. Dowling (UWisc)
L.F. Fuentes J.M. Ponce (UMichoacan)
G. Ruiz-Mercado (EPA)




