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Ygymnmsmnesafivunzauigafensideninmesuimiin w iiveyily objective function ffign

Meld feasible set F
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Uszaauen Objective Solver
Prices / Returns / Costs ﬁ, by + Constraints + Optimality
Validation Implementation Candidate Portfolio
Stress / Realized / O0S Trades / Costs / Liquidity w*

U7 9.1: 9933 Portfolio Optimization fawsdaya N1sUszauA1 n1saemetn n1stluly wagnisnsa
ADUUDNAIDYN

Usauifoasede

Solver @usamAmauvestlymnivualaegisuiugn waliauisaundgm input Aldmung

a@u objective Nliasatuiuang %38 constraints NliazNeunsTevIeasala

9.2 lAs9a319999 Portfolio Optimization Problem

Yymmilsmsgnuenidudesduseneu

1. Decision variables it thwiin w; v3e trade vector Aw

2. Objective function WU variance, utility, tracking error, transaction cost w39 risk
concentration

3. Constraints % budget, long-only, position limits, sector limits, leverage, turnover uag
liquidity

4. Inputs LU /], Y2, benchmark weights, current holdings kag cost estimates
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9.2.1 Convexity uazingladedAgy

UNilay 9.2
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& objective 1Uu convex uag feasible set 10 convex asngaianzitla 4 Nilegazilugasiian

B

viawe drewanad ANy minimum variance wiaudadningadulasuanudioy insganunse

m339 optimality lsegadusyuuwagliifieatviaiv local minima naregawuuieym non-convex

ngufun 9.1

X > 0udn

fw) =w'Sw

wJu convex function
J
gay. ws1e X symmetric

Vfw) =2Xw
wag

V2f(w) = 2%
idla X > 0 Hessian 1du positive semidefinite 331931 f 10u convex ]

g1 2 > 0 ity strictly convex fatiudn optimum Teguu convex feasible set Anauzdl
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ondnwal @usu long-only fully invested portfolio feasible set U simplex Uauavivaun 395U
Useun1si minimum ie objective foiiins @utymfdl leverage w39 short selling wuuldfvouwn

ABINTI existence Ay boundedness WENAIUN

9.3 Minimum-Variance Portfolio anel@daana

UJgym long-only minimum variance Ag

Long-Only Minimum Variance

1
. T
min —w' 2w
w 2
st. 1lw=1
w>0
/

s 1/2 Liasurmeu wivinli gradient iy Xw

ekl long-only constraint uaz X > 0 aznduludrmau GMV Tuund 7

Wemvy =

waildledl inequalities gnsUnsullenalally feasible solution wnumtnuMARAUYSeLAY position
limits Ao9uf constrained problem lnid gaddy e “dodrin” luilddu duneu uily i wilh wda
optimization usiudiunilavesfiomgymeussu nsdnntnfraulidugududs normalize Tny

Tmgli re-optimize Tneynluladlvid1neu minimum variance aelavasninlma

9.4 KKT Conditions LazA210%u18UB9 Active Constraints
d1m3U long-only minimum variance AMum Lagrangian

1
L = §WTEW — )\(1Tw —1)— vTw
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Tne

v>0
Hewlw KKT A
Yw— A —v =0, 1Tw=1,
w >0, v >0, vw,=0 (i=1,..,n)

Tawaun1susnile stationarity aunisfidesiie primal feasibility euly v > 0 fe dual feasibility wax

viw; =0 9 complementary slackness

Unieny 9.3

o1 w; > 0 complementary slackness Usful

v,=20

7
1 w; = 0 constraint YasdUNSWETWe9 active uaz v; awsaduuanls
AM3LUABU active set 1o parameters ED! target return L‘U%ﬂulﬁfﬁluﬁﬂmﬁmﬁﬁﬁﬁﬂﬁ constrained

frontier & corner portfolios

J

f?h@f,u Lagrange aig KKT multipliers E"J’\‘lﬁmmwmaL‘Tmmiwgmamﬂugmz shadow prices Na1A®
venmsisuulasesmiunzauiignlneUssinandlodeuniorili constraint Wudwintes ogsls
fifl 13eeMIEYeY shadow price TuiusURHleu constraint uwaznsindseuiusidlaneluyied

active set lalasu

nule convexity wag constraint qualification ANz an KKT conditions L“fJuLﬁaui‘Uﬁsl‘i’fizq

global optimum ¢ el adeulrdusiunilsves local optimum

9.5 Target-Return Portfolio a2 Constrained Efficient Frontier

144 target return winiu
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Target-Return Minimum Variance

min 1WTEW
w
st. 1Tw=1
Tw > g
l<w; <u,
& J

sduuu plw > pg masiemdndu minimum required return &1 1o gininnaneuLNUTBS
constrained GMV portfolio waztlayn iy convex mudoulvunsgiu desiananauunuay bind 7if
nou 3le puTw = g widn p1y MndaneuLnuIes GMV constraint ozl active wag optimizer

9%AU GMV portfolio LA

AIUUNITA3 constrained efficient frontier aunsavilalaeuddaymanuuninues py NEuN
HARBULNUYDS constrained GMV Fuly %3eld equality pu'w = Lo WaUssasdlinesndl expected

return WiNAU target lnumss

NOWYUN 9.2

(%

a1

UAEMSU target return LAgIY

min w! Zw > min w! Sw
weF o wed |

Wosanstlynd feasible solution

J

Natladunein constraints vl9A in-sample opportunity set uauas walilAnnea113d constraints
laifiusglewidl s constraints @unsaan concentration, leverage, turnover ugg estimation-error

amplification
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9.5.1 Feasibility naw Optimization

#1m13U long-only fully invested portfolio

miin W < /LTW < max 7y

Aatiu target return Migendn max; p; \Uu infeasible il
\iodl upper bounds %38 group constraints feasible return interval e1auwAUNIE WBAMlUNIUaY

p59daulafaAILIN

F i T F T
M = min [ w, Mo, = max [ w
wedF weF

neud3a target grid 61 F Henumedediindady Jymassteililu linear programs wag3ieuen

“target MIUUIILA” wona1n “solver MuAdgmiliidr3a” Iaedredniau

Uszhundnese i

anug “infeasible” liildvaneainuin solver auwaiauely usenavangfisderimunvesylddn

A3 WU target return gaiulunsauriu position caps MdaAuly

9.6 Maximum-Sharpe Portfolio ngldtadnnn

dlof risk-free rate Ry uaz w e risky assets 71 fully invested &My Sharpe ratio d1115u
wasndil o, > 017u

_ pw— Ry

B wi Xw

FLAuRaIINaNDULNULAY Ry 73 horizon way convention AU WY nominal satye

U

S(w)

Tunsel unconstrained uni 8 1% tangency direction
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WHLed constraints ABIWA

max S(w)

Tnd

Uszhundaeszd

Sharpe ratio 11U fractional objective 3alalld quadratic objective lnenss n15ld Sharpe ratio

1 quadratic-programming solver laglal reformulate WudeRinnaraBauuuiiass

wBsmIUnlElaTunudednie wu nonlinear optimization #3on15UA target excess-return

minimum-variance problems viang seAULAIEBNANE Sharpe ratio gefian Fandsildesidsnsasu

ENTEAIU907599 feasibility kag variance “UENLLGiazf«gﬂU‘u constrained frontier lalaensa

i expected excess return vawNwesn feasible liiduuan A1 maximum Sharpe onaLdugudie
Anau uazuwnfn “dududaan R, desfimnudioriusedinseds limsdeduligns tangency Tne

auuAdmesniill Sharpe ratio uInsiesiiogiaue

9.7 Maximum Diversification Portfolio

-
0 = (017 . 70n>
Diversification Ratio fignau
-
w' o
DR(w) = —
w! Yw

Maximum Diversification Portfolio kA

Ay e wfeshLie AVIAMAAIEASLAYADR UNINYISLTITUAERNS



unil 9: pMswasANITaIUTiINzaNgn 272

D
max DE(w)

[

v
VBEILNA

@wsu long-only fully invested portfolio #ifiw w' o Ao weighted average ¥4 standalone

s

volatilities d@usadufe volatility 189593 covariance 3vinUsglertannlassadeAnudunus
1NN WU FunSng e 0819107 61 Aunind wdeulnd duius v auysel Tu fame hed
Diversification Ratio a¢lsi@$19Useleviann correlation wsiila correlation fnas ens1auil

aunsngandn 1 ld

J

mele long-only wag fully invested a@wsaly numerical optimization %39 reformulation i
wgaufioud Uy Tne#e1ns39 normalization way constraints ved formulation 71l MNOUY N
short selling fawAwa1alally weighted average fifaunuedi J9iD952Y domain UaENIIAAILVEA
Diversification Ratio Tdntau

UTIUSEINYAU risk models wag diversification waMIN151Y Minimum variance, maximum
diversification W@ risk parity fiu covariance estimators nangguLUY W¥o3 upper bounds Lﬁ@muqu

concentration

9.8 Risk Contribution wag Risk Parity

portfolio volatility #®

o, = VwlZw

p

dmsu o, > 0 Marginal Risk Contribution YDIAUNSNE ¢ A

MRC, = 2% (B,
' Ow, o,
Component Risk Contribution fie
(W),
Tp
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10 Euler’s theorem

n
Z RCZ — Up
i=1
finum percentage risk contribution
RC.
PRC,L — L
9p
a8
n
> PRC; =1
=1

uniley 9.4

Fqual Risk Contribution Portfolio %3® risk-parity portfolio Iugﬂﬁuﬁsmﬁmmﬁ

dwiudunindneglunesa
nsidl risk budgets b; > 0 waz > . b, = 1 agrmuatwne
(2

RC’L = bia'p

wiolugunlisesmsie o,

J

wi Y. RC; = o, \emonnu Euler decomposition ust RC; ustagdlaidndudoanduuin Tunese
Miougy1w short selling vsefidunina7viving hedge a1aiin M RC; < 0 uay RC; < 0 ¢ da
UUNI5a574 risk-budgeting portfolio LLUiJmmgmﬁﬂﬁmum long-only tag positive risk budgets Li®

TAnsfay “drunisnnudss” nsalunsaun
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Uszhundneseda

Equal weight lalwiiiu equal risk contribution Taevalu wae inverse-volatility weights 9%

WA risk parity lawzneldlaseadng covariance vensdl ldenanwalinly

9.9  FaAMNANNUTIUNITUSHISNDINDZY

9.9.1 Position Bounds

0 <w; <wuy

upper bounds Fg/an concentration LaganAulavas optimizer A input errors

9.9.2 Group Lag Sector Limits

g, Junguauning

L;< ) w;<U,

iegj

9.9.3 Gross Exposure Way Leverage

#1m3u long-short portfolio

||W||1 - Z |wz| S Gmax
1

Tu fully invested portfolio

1Tw=1

net exposure U gross exposure 3uUuAUAZLLIAA FBE9UNDIANEl long 150% wag short 50%

il net exposure 100% usi gross exposure 200% MsAUANLEs 1Tw = 1 Fsldifeanadmiunesn
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long-short

9.9.4  Tracking Error Constraint

9% benchmark weights 131 w;,

_ T
TE(w) = \/(w—w,)TS(w —w,)
ANUN50NINUA
TE(w) < TE,,
g Y A5y covariance fi@enAdaanu active retumns wag horizon Y84 mandate 81Wa3M way
benchmark fully invested viag 928 17 (w — w,) = 0 ¥l active risk s1nanmsidesiminen
benchmark lalldanmsifiuvseanduanlaglisila

9.9.5 Turnover Constraint

1% we [ Jurimtinnau rebalance

LaZANNRUA

TOw) <T

s

v
VBFAINA

vaanTuilens one-way tumnover WuaSawilsesmasiy absolute trades

1
TOoneway = 5 ; |wz _ witd|

= v . ' = a ) A
D958y convention feulUSeuWisuRLaY turnover laganziliedl external cash flow 1ws1g

Ay e wfeshLie ANVADAFIEASLATENH UMINYIFUTITUFNERNS



unil 9: MsmwasanIsaNUINzaNgn 276

Reuly “yarndewinuyarvie” onalidusddunaty

9.10  Transaction Costs uazn15anaulaain Holdings 1Ay

\Wedl current portfolio n1sAndulafuviaseAe trade vector

Aw = w — w

linear transaction-cost approximation Ao

Cin(Aw) = Z ¢i|Aw|

(2

WAL UUIIABINLAN market impact 91314

C(Aw) = Z [Ci|sz‘| + %(sz’>2]

oo ¢; > Ouay g; > 0wl ¢;| Aw, | anansaldunuaisssuiluuuas bid-ask spread lnguszanm
drunarraaaesldilu local approximation w84 market impact funuasIesliauuInssenindeiu

ewarenaliiiu quadratic famsUssanainndeyanisdorieiiviinziurunds

Ueym utility wdssiuyuanunsodemdu

Return-Risk-Cost Optimization

A
TS {/,LTW — §WTEW —C(w— wOld)}

dlo A > 0 10 risk-aversion parameter uagnnuaulurndugnuiaddeglumienanauunures

horizon e win X = 0 uaz C(+) 18u convex flsiduil maximize 419wy concave objective

o

%&&N@gﬂ,uﬂsau convex optimization Lile feasible set I convex
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n193 transaction-cost penalty ¥11l# optimal target weights ¥ufiu current holdings Aae Al

UnamuaeeseNil expectations wileuiue19dl optimal trades AieiuNI 1251310 holdings

ALAZYN

9.11 Liquidity Constraints

dyadnesadu V wagdunind ¢  Average Daily Value Traded wiriu ADV, e1ariwiua trade

limit

V|Aw;| < k;ADV,

dle k; WWudndu participation fiveuiuls

VERITEM]
Kk, ADYV.
A < SR
wazaIlsaRAY “TuiuiulasUssunandedddlunistens” Wu
5 V|Aw,|
ays, = ————
k. ADV.

(2 (2

melsanufgiuin ADV, wag participation rate AssenIngyeaniuns

Uszunaeeszd

Liquidity constraint A3l trade size lallaiiies target weight imsngfuyuLasANaINNTa Y

nsaliun1stuivwInn1siUasuy position 910 holdings LA

9.12 Covariance Estimation, Shrinkage ta¢ Conditioning

. .o
sample covariance matrix A
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1 < _ _
S = T_1 Z(Rt —R)(R, — R)T

t=1

e n Svwnlugiieudv T wvisndgerauszunalaliiaios wazdh n > T sample covariance

9gdl rank ldiAu T' — 1 39 singular

WUINNTIAD covariance shrinkage

Ss=(1—06)S+0F

way I 1y structured target

NQuHUN 9.3

MS>0,F>0uz0<6<1umm

5= 0

gay. dwiux e q

xT/Z\(;x =(1-— 5)XTSX—1— Ox"Fx >0
]

WUIAA shrinkage THiflean estimation variance Tnsgausy bias unsdu uazilunumddayly high-
dimensional portfolio optimization [30] 61 F' > 0 uaz & > 0 agls /E\(; > 0wl S 2z singular
FagelFnsufssuuiBadunas inverse-based calculations fliafiesnmanndu ogslsfia shrinkage
intensity flanniiullenaaulaseade covariance Aiflansy Samsidensendnadnvie validation Tulld

Wavihlmunsngndumulaiieaagnaie?
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9.12.1 Condition Number

v

a1

0 < )\min(2> S )\max<2)

condition number LUU spectral Ai®

_ )\max(z)
R W)

A1 K @9U3TT1 inverse-based optimizer 81al3sie perturbations £1 X singular 9¢dl A, = 0 wag

. L o ¢ =% ' = . ! . . o~
condition number Tuanumneililueiud Jsldasfiniu inverse Tnunsinou regularization #5013

andlF

9.13 Estimation Risk L@ Error Maximization

mean-variance optimizer il vinasiuaunsndn estimated return @4 estimated risk #1

158 estimated diversification benefit 6N

fATUSEINRINGTILAAIN noise optimizer 8199818 estimation errors TUllu extreme weights

p=p+e,
Lag

Y=Y+¢&5
a9l

W = g(ﬂa E)
LANFANGIN
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agaannle

Sensitivity Analysis

dm3U parameter 6 @1u1509573 finite-difference sensitivity

W (0 + h) —w* (0 — h)
2h

isawSauigu

I — WO,

[t —w%]

{5

1) (0)|

max |w£ — W,
(]

AelA mean, volatility, correlation Wag estimation-window perturbations

d1w3U constrained optimizer #a35¢ 3131 w* (#) 8194l differentiable tu 907 active set WAy
faifu finite-difference sensitivity msgniaaaiu local diagnostic lafldeywusiifiagyngn n1s
iwmuﬁu’ﬂ weight change, turnover Wag objective deterioration i mauszunsdiasu

' . = oA
n319) gradient LWEIALAYD

9.14  Black-Litterman: 910 Equilibrium g Views

Yy uilawes mean-variance optimization Ao expected returns Uszunaulaenn Black-Litterman

framework 151970 equilibrium-implied returns WaNELAU views i uncertainty

A market weights \Ju w,,, uay risk-aversion parameter 1u & nelé reverse-optimization

convention ¥84¢ Black-Litterman equilibrium-implied excess returns Beuldu
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Il =0%w,,
19 views a&ﬂug‘d
Ppu=q+e

Togludnd p uay ¢ fosld convention Wenfiu IT nandedt IT 10u excess retums views Arsgn

L?U‘EJ'L!UU excess-return scale L‘UIUfQﬁJ

1ng

e~ (0,Q)
neld Gaussian formulation AdAulU posterior mean aansaleuu

Black-Litterman Posterior Mean

po = (7)1 + PTQ-LP] ™ [(r) "I + PTQ ]

We ™ > 0 AIUAN uncertainty U84 prior mean Way Q Ju covariance w09 view errors Qmﬁ
AULRA Gaussian prior/view structure waziuyisngNAITesaNIsaLAszUURLEUla TunsAumase

A3 linear solver 139 factorization M@fiusNi1N158579 matrix inverse WUURTY 9

s Wu posterior mean ly realized return 7 %u Useiu uaz 6191 w3 gevsiwas e g 14
convention @afuluA15U posterior uncertainty TUUSU covariance 7il4lu optimization Fssipstiudin

Tdnn optimizer 1 X hunse posterior-adjusted covariance

Uszunaeesz i

Black-Litterman lail@finda estimation risk wi¥i1li assumptions WAgafiu prior, views way

v
S w =

confidence gnWgURENTARUTY NaaNSEWui d, 7, P, g wag

9.15 Robust Optimization

UNUNILhDIN 14 kag X NIIVLUUBU robust optimization fMuA uncertainty set
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pwel

~
NI

Y els
§79819 robust mean-variance problem @@
A
max min {/,LTW— —WTZW}
wed uell,, 2

winfAnfedenwesndiweusulaile inputs wwasunely uncertainty set unuAs optimize Ay

point estimates \iiaagaiien fogriiiunalnladadie ellipsoidal mean-uncertainty set
— I . TH-1 2
U,={p+u: u'Q 'u<p}, Q>0
Fal9A worst-case expected return

min p'w = /fLTw — pV/wQw
HEU,

95U robustness ¥utinfinane penalty e exposure MhneAnuliniusuaes expected-return

estimates lagns3

Robustness Llaviunefisn1sviilviness conservative 1n¥ign winuefian1sinmum uncertainty

! % ° YR a
E]EJ’NE!JJL‘Vi(i}lklaLLa’J‘Vi’]ﬂ’161’a'U'WllJWﬁﬂ']USBJJ’]@ULQW’]%QG]@J’]HLﬂ‘ul‘U

9.16 Solver Validation 1&g Numerical Diagnostics

v
o

Aslannwesiugnan software liifieane Aaensiarnouss19tpnatl
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M99 9.1: F18N1INTIVABUAINBUVDY Portfolio Optimizer

I8NT

F9ins1a

ASAAIN/ANUIATIVERY

Solver status

Primal feasibility

Covariance

Objective recompute

KKT/dual

Units/scaling

Concentration

status Ly termination reason

budget, target, bounds, group, leverage
symmetry, PSD, condition number
return, variance, Sharpe, TE, costs
stationarity, dual feasibility,
complementarity

u, 3, Rf, costs

max weight, HHI, group/factor exposure

gausulanzanueiiunziu solver; Talld
weights TngonlusiA

residual/violation G?aqa&”imsflu tolerance
vastgym

negative eigenvalue 7iftfen3e
near-singularity fadlasunsiasesi/uile
fuansnan weights LiladU unit waz
coding errors

14 diagnostic finsaiiu convex/non-smooth
formulation

horizon, annualization wagnilefag
AonARBAN

fosdonnded mandate WagiANAL

LATugenans
Turnover/liquidity Jw— weld |1, trade size, participation ﬁaﬁaiﬂu limits wazandunslaass
Sensitivity weights, active set, objective e input 3%Y unexplained jumps WIoAMUUTIZUN
Wby YDIAINDY
9.16.1 Numerical Tolerance

ABUNADIBIIAUATU

Tudleymn long-only Faoraudu numerical tolerance Tyl economically meaningful short position

mssndulainnztaandugudsosede solver tolerance uag verification ladldngaess uagndanis

v

UnA1ADImMI23 budget, bounds Way objective BNATI LWTIZAIUA post-processing 91AVIARIABULAL

1ai feasible w3nlal optimal

o
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9.17  AIBEINIIANUIULUUATUINDT

PSUNFUNSNG 4 ¥

0.07
0.10
0.13
0.09

volatility vector

0.08
0.14
0.20
0.11

wag correlation matrix

1 025 0.10 0.20
025 1 045 0.30
0.10 045 1 0.35
0.20 0.30 0.35 1

@579 covariance matrix f7¢

>=D_PD,_, D, = diag(0)

0.00640 0.00280 0.00160 0.00176
0.00280 0.01960 0.01260 0.00462
0.00160 0.01260 0.04000 0.00770
0.00176 0.00462 0.00770 0.01210

wy3nd il positive definite dmsuaiimvua 3avl% minimum-variance objective 10U strictly

convex
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d1115U long-only minimum variance wal@smaavagliiminussanu

0.6394
0.0800
W, =~
" 10.0190
0.2616
wavdl
1w, =1, p, ~ 7.88%, o, ~ 6.93%

wndnyndnduuin Famunea1udn long-only constraints §alal active lufnaull uaz constrained

solution M$9AU unconstrained GMV solution ﬁm%uﬁayjamﬁ

Q19UA target return

aglanesn long-only target-return Tnguseanu

0.1739
0.2156
W ~
10% ™ 19,2831
0.3274
N30
Twigy = 1, pTwyey ~ 10.00%, 0, ~ 9.90%

v
o

ieldrnlsidaewazld o, ~ 9.8955% wavdhuinvisddaaaduuin fatiu target-return constraint
Wuiwuasduvsuu frontier ws long-only constraints §sla bind feensiiamunzdwsuiinasa
active constraints, budget identity wazn13AuIag193Tu spreadsheet Waz numerical solver laila

a 1Y) .
INgIARaDN weights
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9.18  nIANYIUILUATNITWRINGN1TITY

NUIBIUTEINELIABI AU quantitative portfolio construction wanen1sLUSBU Y risk models Wag
diversification strategies 1 minimum variance, maximum diversification wa risk parity w3ou

covariance shrinkage wag position upper bounds lun1svageauueNAIDENS

¢ a

1N9UITBEN1TUsEENA: HeiAdsiBeuianmulsEdny

anszddgdmsuin lldnisihnansuunudoundivesnagnsuilannlumusesnaluswian

LAABAITWEN

risk model — optimization rule — constraints
— out-of-sample test — robustness
29NINNUBL AU
dlowdew covariance estimator willd optimization objective L#i3 ﬁﬁﬁﬁfﬂ ey realized risk

ausalasulauin
- J

v a adav A b a s v ¢dl (3 = ! 4 14 1 =<
SZJE]G?U 915798 AB NNT LU L‘VlEJ‘UﬂﬁEJV]ﬁG]ENLUaEJ’L!?Nﬂﬂ'ﬁ%ﬂ@UVla%ﬁ’JusL‘lﬁmi’ﬁ]ﬁaU‘lﬂ XV IIPN

objective uaLUABU covariance estimator #3734 risk model WaLUABYU constraints N1siUasUMAY

asrUsznaundouiwiilianusassyldimadnsnfvurioutaainaindrulaveinssuiunis

9.19 Out-of-Sample Portfolio Optimization

ASEUIUNSTIMUNZAUADISNWIEIRULIAN

~

-~ *
Dy = (figy Xy) — wy — R, 41
g D, fanzdoyainsiu a Jundaauls

o1 rebalance %n h 13

wp = g<ﬂt>
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uaz realized gross portfolio return Ao

gross
Rp,t+1:t+h

yndoyandsiudndula windunuiiia o an rebalance gnuvandudndiuvasyarinesn awnse

FeNUNaRDULTLENSIneUsTandy

net __ pgross —C
p,t+1:t+h — T Upt+1:t+h t

g fiaa 14 cost convention LAgafiunn nagns uaz o1y holding periods 1 ¥iu dou fiu sio s¢ds

dependence 984 observations Lipunalunadeuaia

Benchmark Ladder

fiouagun optimizer WfinAuA AsiUSeuisuateliondu
1. equal weight
2. current portfolio #3e policy portfolio
3. long-only minimum variance
4. simple inverse-volatility portfolio
5. strategy fifudoutunungusyasd
NN nagns fiea 1Y deya o 180 AU rebalance schedule ey uay transaction-cost

assumptions LAgafiu

9.20 Investment Lab: 310 Spreadsheet Q Reproducible Optimizer

Investment Lab: Excel Solver: Constrained Portfolio Optimization

#5719 workbook ag9tiae 7 I
1. Prices @5v adjusted prices
Returns @13V aligned returns
Inputs &MU [, i Rf LAY constraints
Optimization RV weights, return, variance, volatility lag Sharpe ratio

Frontier @1%3U target-return grid

O

Trading d1%3U current weights, trades, turnover ag costs
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7. Checks @su PSD, budget, bounds, target return Wag sensitivity
WIBULEU minimum variance, target return wag maximum Sharpe mela long-only wag

position caps 91ntuAsw estimation window w&¥3n weight instability

Investment Lab: Python: Portfolio Optimization Validation

asvseusulugalvslilaituetatios
- check_covariance(cov)
« minimum variance(cov, constraints)
« target_return(mu, cov, target, constraints)
- maximum_sharpe(mu, cov, rf, constraints)
- risk_contributions(weights, cov)
- risk_parity(cov, budgets)
+ transaction_cost(trade, parameters)
- solver_diagnostics(result)
- rolling optimization(...)
unit tests AIT7M533 budget identity, PSD, target-return feasibility, KKT residuals, Euler risk

decomposition, transaction-cost sign Wag absence of look-ahead
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9.21  U2AIMNAKAZTNANNITAAINUDLISURAYIU
Gl’]i']ﬂﬁ 9.2: ﬂ']'llllﬁﬂﬂ‘ﬂ@\'i Portfolio Optimization LLa%LLu’JVI'Nﬂ'JUﬂﬁJ
ﬂ']"lllLalﬁN Naﬁa"lﬂlﬁﬂ LLU'JVI']\?ﬂ'J‘UﬂlI

Mean estimation error

Covariance error

Ill-conditioning

Objective mismatch

Infeasible constraints

QOver-concentration

Turnover/cost error

Liquidity

Nonstationarity

Look-ahead bias

Solver/formulation

misuse

extreme weights, error maximization
diversification/risk contribution luliafias
perturbation Léﬂgﬂ‘usﬂamu inverse

optimum nsadinFnanslinss mandate

laifiwasaivimuideulunsouiy

model risk nanendu position risk

gross alpha gnAuuiu

target trade Ailunislailanunan
historical optimum dewle regime Wasu
backtest gaiiuass

MnouRnvnvsSe residual a9

shrinkage, views, bounds, robust sets
shrinkage, factor risk model, stress tests
eigenvalue/condition diagnostics,
regularization

38y investment objective Wag loss
function T4

feasible-range check, constraint audit
position/group/factor caps, concentration
metrics

calibrated costs, turnover control, net
test

trade-size, participation, days-to-liquidate
limits

rolling estimation, stress/regime
diagnostics

point-in-time data, decision clock, audit
trail

7333 convexity, scaling, status, KKT/dual

diagnostics

unaguvingun

Portfolio optimization Judumneuiluvasuuuirassnanauwnuias anutdesliidunisdndula@e

UIA

. . & “
minimum-variance problem WUg1UA

1
min —w' Sw
w

Ael@ constraints ANNMUA

o
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die X > 0 uay constraints U convex Ugyy1 minimum variance \Ju convex optimization

problem tag KKT conditions fiunumadgylun1snsia optimality

target-return problem iis i1 7w > 11 WAzHBIHTIN target ag/lu feasible retum interval fiou

m optimization

Yaugdl maximum-Sharpe problem 14

,U,TW — Rf
w! Yw
wazApadan formulation TwungiU constraints

N15NSEIBAULFLIEIUNTONBEY Diversification Ratio wag risk contributions

19

ZRCZ- =0,

GRS RER NN position limits, group limits, leverage, tracking error, turnover, transaction

costs wag liquidity constraints

Auveddylilaegn solver Lileaaeafien usiog?l estimation risk lngamz [ wag X 113

15 shrinkage, Black-Litterman, robust optimization, constraints Lag sensitivity analysis FIANAIY

Wszuavesmnaule waklaiunsaiidn model risk 19vian

n15UszIiU optimizer 3379314 rolling out-of-sample design wag benchmark 7z as Ingsnw

point-in-time information wagNAUNUNITTRUYBENEDAAREY

uniinlazdmeiniilian optimization lglaymidisuleutenisasu laun strategic/tactical asset

allocation uag rebalancing

a/

AdnNNdAgY
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« Portfolio optimization
« Decision variable

» Objective function

» Feasible set

» Convex set

+ Convex function

+ Quadratic programming
« KKT conditions

« Active constraint

+ Shadow price

+ Minimum variance

« Target return

« Maximum Sharpe

« Diversification ratio

+ Maximum diversification

« Marginal risk contribution

= s v
LUUNNAANIEUN
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Component risk contribution
Risk parity

Risk budget

Position limit

Gross exposure
Tracking error
Turnover
Transaction cost
Liquidity constraint
Covariance shrinkage
Condition number
Estimation risk
Black-Litterman
Robust optimization
Solver tolerance

Out-of-sample validation

1. wyn decision variables, objective, constraints &g inputs Y89 long-only minimum-variance
problem

2. g w' Sw 18y convex ile X = 0

3. BBUIUAIUUANAINTENIN positive semidefinite fiu positive definite TuuSunaes portfolio

optimization

\Weu KKT conditions 484 long-only minimum-variance problem

a3un8 complementary slackness d1uSuaunsndia w; =0

W target-return minimum-variance problem 70 < w,; < 0.30

N ok

#g91i71 long-only fully invested expected return 883¥%iN4 minimum &g maximum v8s
asset expected returns
8. @319610819 target return 9 infeasible

9. ’e)%mﬂt.wﬂﬂ constrained frontier 13J'mmma§jmﬁa unconstrained opportunity set Tuaau
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NUIBUYBI Minimum variance ‘ﬁ target LRENAY

10. 88u183WWAlA maximum-Sharpe problem lily quadratic program lngnss

11. Wy Diversification Ratio lazo3u18 numerator fiu denominator

12. v MRC;, RC, uaz PRC; wosmainiituun

13. ﬂqmﬁ Euler risk decomposition

14. 95UIUAMULANAINTENIN equal weight, inverse volatility wag risk parity

15. WWeu portfolio problem i sector cap 25%

16. 95UIUAMULANAINTENIN net exposure U gross exposure

17. @8 tracking-error constraint gU benchmark

18. 3yuiiigu two-way turnover fiu one-way turnover conventions

19. @514 objective fisau expected return, variance Uag linear transaction cost

20. a’%mam@wa‘ﬁ' liquidity constraint mi%ﬂﬁ'u trade vector

21. ﬂqaﬁﬁﬁ shrinkage covariance §4A3 PSD o matrices dumadu PSD

22. a%mam&;ma‘ﬁ' sample covariance singular gl n >T mﬂﬁ%’amﬂaﬁ demean wa

23. 95UNENATBY condition number gjdﬁia inverse-based portfolio weights

24. 9BNWUV sensitivity test #io expected returns 4+-50 basis points

25. 98UN8LUIAN error maximization U84 mean-variance optimizer

26. fund equilibrium-implied returns II = 03w, , ﬁ]’lﬂéﬁ'a;ﬂaﬁﬁwum

27. 95uwunumues P, ¢ uaz  Tu Black-Litterman

28. Wy robust optimization problem le expected returns 'P]‘c;ljs[.u uncertainty set

29. 98nWuU solver-validation checklist @%3U constrained portfolio

30. 99nLUU rolling out-of-sample experiment W38 ULEU equal weight, minimum variance was
maximum Sharpe a4 transaction costs

31. edutwIwmeladesidn uTw > 1, 01ald bind e Lo NI NARBULINLTBY constrained GMV
wazLUIpuiisuiunisly equality

32. unfog1eanIuNIaif RC; < 0 umafuiganumingide hedge WagNason1sfnIm risk
budget
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ANDNYIUAR

&M optimizer Wirnaudiil Sharpe ratio qammwiLﬂéauﬁmﬁmﬁauﬁg&mmﬁ'a expected returns
Waswilsadnios msidermeuiuiiade

M3y constraints Wun1sviiane optimality wiewdunisiieny optimality Iiaenadastulantd
ey

N expected returns wennsedlaliif us covariance matrix Aeudnaadies nagnslamsTddu
benchmark

Black-Litterman uAilayi estimation risk #ieLiesdnlaTIas1s assumptions Tdnau
LM@I@W@%Wﬁ%uﬂu sample 39919UN equal-weight portfolio uan sample

Tuqﬂ‘ﬁ' optimization software Tt udng mm%’ﬁim convexity, KKT Wag numerical diagnostics

v o &

Fagndunsely

Yy a a
LNAITDINDINYUNT 9
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