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Abstract

Objective: Enhanced index Tracker portfolio, as one of the investment management
strategies, is trying to combine the benefits of both active and passive approaches. This
research is going to provide a two-stage model that can first reproduce the index
performance with a smaller number of index-forming shares and, secondly, calculate the
Enhanced index tracker portfolio weights.

Methods: In the first step, using a binary mathematical programming model to create
clustering of time series, an index tracker portfolio was created. Coppola-based
correlation coefficients and mutual information were used as time series similarity
measures at this stage. In the second stage, the weight of investment in the selected shares
was determined in a way that the return on the portfolio surplus was maximized relative
to the index created in the first stage. The uncertainty resulting from the estimation of the
excess stock returns in the second phase was considered by using a robust optimization
approach.

Results: The results obtained by applying the out of sample test on the 50 more
active companies in the Tehran Stock Exchange from the spring of the Iranian
calendar year of 1394 to spring of 139, using the tracking error and market ratio,
indicate that in addition to the success of the similarity criteria in time series
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clustering and index tracking, at a confidence level of 99%; Enhanced index
Tracker portfolios based on normal, T and Clayton Copula correlation coefficients
have a positive significant difference with the index.

Conclusion: According to this study, to develop an enhanced index tracker
portfolio, it is practical to apply copula-based correlation coefficients and try a
robust optimization approach to take into account the uncertainty of the
parameters.

Keywords: Enhanced index tracker portfolio, Clustering, Copula, Mutual information,
Robust optimization

Citation: Mohammadi, Shapour, Raei, Reza and Tondnevis, Farid (2021). Application of Copula
Based Correlations and Mutual Information in Time Series Clustering and Enhanced Indexing by
Adopting the Robust Optimization Approach. Financial Research Journal, 23(4), 497-522.
https://doi.org/10.22059/FRJ.2020.286126.1006904 (in Persian)

Financial Research Journal, 2021, Vol. 23, No.4, pp. 497-522 Article Type: Research Paper
d. https://doi.org/10.22059/FRJ.2020.286126.1006904 Received: August 13, 2019
© Authors Accepted: December 24, 2019

Published by University of Tehran, Faculty of Management
BY NC


https://creativecommons.org/licenses/by-nc/4.0/

PYE-MAY el Ll

YEYT-ATVY Syl Ll

S g sai g 30 Jlio SEND! o ¥ gl 39 (o (Swipd il o 8 39,15
gt (5 jlwdings 0 5599 31 08laiw! b ABLLE | e Ll (598 9 JuSuid g SIbo)

shmohmad@ut.ac.ir :aebll, .l oyl a5 ¢l pps ol&uisls g e 048U o g (Jlo o e 09,5 ¢ Ll

L)
ragi @Ut.ac.ir :asbbl) .ol ul « 05« s oKl oyt 0aSuisly o 9 (Jlo oo 09,5 el

Mgl 3,8
farid.tondnevis@gmail.com :asbLl, .1yl o)) <l st ool o yo 0151 ¢ Jlo 05,3 ¢ 655> (goomiild ¢ Jgimo 0y g #

oS>
S gpeS dlas L1y (adls 5,Sles Canss dls o )0 Wlgty a8 Canl (glals o> Jio S 1)l JUidds  img sy cpl )l Jledyue o
S dglona 1) aBLlE] adld g9y (il g e )3 9 wled (Gl Rl oia JS plows

led) 9 (lej sl sanadsd pslhind o5 s (3b) St Jao Syl ookl L st abyo 53 19
sl Cald slaasls olyict, Jia el (roras 5 Yol 5 (e (Sl el (ol 05 IS ol
8585y dl3lo 033L &S M asuie (sluiSa oo glaptaw ;3 (IS GLe o ljel pgd dls o )3 A eolatwl Al ye pl 3 Slej
2 Lot Slile 03 (edd Sl (23U Cupalad pas 358 dindey ((a3LS odialed) Jol e 3 oaidlonl (padld (59 & Cand
ool 0l 48,8 Jas 3 Mgl (gjlwaine 3,5, 5l edlaiwl b pgd alsyo

LAYRY Sl B WYAY e Sloj 03b 13 ol a8 Sl gl oyg Slb 83 00 asls (g9 diged Sl )5 (90l s il
Sl gy (andbes 5D 0l )SD Calud (glaylire Cudbge pogMe aS 31> adge opl 3l i )il a9 (Sbdy (sllas ) ealazul
SYglS (Saused culps p die B a3ld Glagiiy o> W Glebl g 53 (a3l p die (g5 S5 g Lo
A 2 li b jblixe cuze 03jl BMB] glyly e MS o (5ol

Copalad pie (18, 51005 o Latoay gl (gjludinge 3,505 izran 5 YalS' o (oo (Stoed Golp Sl odlitl 36 S doeils
S o Jos 3890 ALl (padld (95 oSt 55 da el

gl (gilodiny (ilite SleMbl VglS (ganaded bl aadls oiy, (1o jlgals

2 J.;Lﬁ.m oleMbl 9 \f}"_{ = e (_sihww_‘h pq"l)._.o J){)Lf .(\\c") ,\_;“)s U PAS g Lé) ‘u‘“l) ‘)%L;'s (om0 2dliw!
YAV (VY o clddor . jlgiml (gilwdigy 3,559, 3l oolitwl b abbles)l adls oty JuSuis 9 (Sloj slagmw (giudde>

oYY
doi: https://doi.org/10.22059/FRJ.2020.286126.1006904 OVY —FAY o F oyled TV )53 M e (b ligios
gy ole allie g5 VWAMY /Y 2y OYRAOIYY sl o

S5 oKtils Sy pta 51l 180 sy ©



£9A Ol o2 5 (g0 [ (guaiigh D e OleMb] § Yguls 1 (Ko (Nmod ol s 3 51,)8

EPR YT
359y 2y gdaiwd Jlsby g Jlb 3,59y 93 @ 1) (IS ale o o e a3l Glgie 0I5 5
el gl Ja i 833k S ISl pae oy g by ik S LS 058 el o Jleb i
JLedpes Capte > bilgos o yimly 3l (o )b IS be ju Bodio Copte (gl ez Lailgs dbxl
a5 4 ik 5l e ls S slaeres Sl By 53 S alo e b b (g5 & Conl l gyl le s claggio
oS an ooty St Jlisay IS4l o 3,505, ol 53 (Sles adbanily (asls o 8l & (glodily o
5 o) aled il ) padls 5)Sles (padls S B LSl (ot ol ) (g8 ke o L &S
Ol Jybo 3 38 s (g Sl Jl3p55 0 VL (g pinlan] IS ale o Jlub 3,505, 53 (VY ¢ s
Gl o oy ol 5 bl (28 iled (Lol 1) culs il Lo s s (650 0,Skas o oot
O oo 9 st 3)Skos b (bt Gl 390 )3 (58 wlojur e (pased (laciglal o by os &S
Voot S g duo o Jm) it 550 039381 ) sloml 53 bt (B33 5 )3 (sl clin o

iz wile) ) (VL el Ao (b (g3l mal Wyl 1 595 slacs g lacias sl ool IS o
2l ooy ol giany g Wlodd (g )IS s (b)) 05 4 plapres 25 5 ool 4 g L pizmen (ibu
lywl a8 Cunl Jbys gab90 oyl il YL Jlad e 5,500, b duslio)d (o) (ol )3 ©Molee &2 b pguo
ol ol ol 9 35290 cinds alads Lol 91> Jlb (351l druns (s 5 0mly SMoleo Ay g ol dpjn bt
(JLed (sl )3 owmen b walgd e sl (e (3L & (a3 ol @ @ g lik e (3]l 45
by 3 ol 48" o83y Lal 505 o )8 il Sy (25m0 13 o 9 C8 1 Sy B2 )3 w2 S Lo pus
(VoY ol 5 (i) 292 w8l55 I3l S J) Slho b 9 0 o pte Jlubyus

iAol (e JLab it 5 Jlab 3,505, 59 sblie S 5 b 4 305 e TeBUlE| ol g5
4S5l padld Jolae 1) (o585 Sy s (a3l & Cons Cate dljle (235L dbml b o SMeolee (slaaisa
o=l et o cad e dlle 235l dbul peus &S ol 98y Bl aadld (g5d0y JHle 4 )
So jleslaiwl b oyly mw igh cpl (YIY fd\)l&m 5 99,U0d) Wlad baas loj Job 0 1) e 351 lade
Glod g 0, S5y il edliiwl Ly Jol ddsyo Juo 03l p a8l )]l aad s (69855 JuSis & cglals yo 90 Joo
ol ) =358 e o IS lopos Lags &= plows asiiio a5 b eSS Gy oy o Sloj sbais
Wile (ogite Caaled (slaline bl o el o cpl )3 JaSLE B ST plows B3]l (Sla g pw (gAAbsS NS (0
L il asls Jol 8 pe )3 )keds 39 0n plbsl " Jlite oMbl pasls 5 VglS pr ine (St colp

1. Information Capital Market Efficiency
2. Chen & Roy

3. Beasley, Meade and Chang

4. Enhanced Indexing

5. Leonardo

6. Copula



4 D)loas Y 2,92 AR “jlﬁ uliaiad £44

0 LS s g9y Aile 835k 3Ly silwainry Jie S pgd B 53 298 00 (53l plan I (s eSSl
el oo dwbore 1) aBLE)| (adll o p St sl eplow )3 ()l lo s (gl g cdindin |y oaB il
Do s sty | e gl e 5| olinul b (asld CLsy (gsi5y Bund LSS slappe ljle 8354
S odlail b epgs Al o (gilodinge Jho )3 el Baims JiSis (glaplow 2ljle 8351 55 39290 CasbaBpie (yizxen
b en 485 iy gl (gilutingg 3,55
e ol (slalis 1 oalitl jols Gimgh slacsygly et «Ggb BA) Clonsg el
3559y jl ol (piomen g (Jio Jol p6) padld pidtue (5585 p JeSii ) Jlite Sledbl (yizmen 5 Yool
o aabl ol Jao glayial)ly )3 35290 cusbadpas (38,5 )1ai) jslaieds ipgd dls o Jio ) lgial (gluodige
o33l 5 Smaf @l (ol 5l e 8,5 IS 15 )y 3)90 il (ol ey (S g 228 Ay )

g se 031 )8 o 390 (oled (6 S A 5 el ) b walgd L) Slus

¥ plgice ) by st St 5 pasls (abd) slagsg) e Candds gedge Sl () )3 &5 ]
0L g sy 3, Sloe (Lo WS (giliwvdinaS dy mriiane yobods (Jol dib 3905 (51 ab (IS 09,5
ey olosy sllas (ol Stimg (5p (YWY sy 9 02) ol gpne (ob) sllas & 45 31l 00
Lo o 5 VY ol 5 ol S oS IS) Wlodges bymn (55855 5 sl Hlan] 350 83jL IS 3llao 18
Oy 41y sy 5 0o 8L o MBI il g Iagingy 1 553 (B (Vo)) { Sigh 5 e Sid 3502
gy 3 45 55l b (V¥ ally 5 gy 53380 5 VA 0o 5 2s0) Wlodges (Spma o3y (sllad lons
Ais el gdly W] (ol podome Ly adlid 9 595 B35k G OUBT bl Gl 4 (b3 (slas
33 1y 355 (ol gla Saomy (Sluwle jlai 1 g Cusl g da > (g yaelip Ais S ((2b3) llad (iluaieS
e Slwlbre (Siomy o &8y 53 9 Wby e Jloo sl )0l 3,5 (g 4 Qe Sy
Sl iy 6ol 29K oy 4 35 (V2 Y) 3 5 S (T T lSan g ) 0905 35 e
L (VW) ohlSon g 93) g asnged (8o el (213 ) S50 03,509 Olgis ) o poUl cul g 231

e 8D gy S Bl 4 pgd dapd (g3 )delp Alte s 5 lailil (slai 65N Sloj (S 4 o)l

1. Mutua Information

2. Auto Regressive

3. Robust Optimization

4. Tracking Error

5. Clarke, Krase and Statman

6. Meihua, Chengxian, Fengmin and Hong
7. Meade and G. Salkin

8. Gilli and Kellezi



O+ Ol o2 5 (g0 [ (guaiigh D e OleMb] § Yguls 1 (Ko (Nmod ol s 3 51,)8

5 o Gloj 13 g cibge b1y uS3 g7 Voo puitd (Do bl ol Gasld du g 2SIy S5 oS
GLSllyd i y6- X1 g3 dwslide 4y (YV+1Y) fﬁ.sl—& 9§58 a3l 58 g0 (ol @ sl gl w6l
N PN “ : e o : e O S ; s . g A - .
SS9 By (8ly (LY gt el L) e n ISl )7 SB) pipsSl 5 Esiee (Soaunr

A . V e e . e - < . . . &
2y a3 (VANR) 05 h9 9 osS)le iddg) inges Sl pogad (nl 3 1) giee (So2gu whyoXl
S 1y ol slbs Jlade s g5l ledlatal b g aidlyyy Sbdy sl o 050lnl lp (Jas ol jlse
9 u’i‘—“‘”ﬁ—‘b .))_iz{ﬁ) 99 d_».wl.o..o l_, (\Y‘c\?) u.:l_a).g‘s 9 eJl)’ é..(w c}l.oy& ..\3.))5 cb?u.w‘ |) o L_J|9> 9 0900

g & o See e - . v i . .- A S & *
L;J._..’xu 9 ._\_...>|.)).» ul...._..u {:)_{ rb""’)9§” )l ool l.a Ao J.J?u 4 (“ﬂc“r-) LS)‘?)“'“’ 9 d)l.’xw J.a.)?m uLul ‘)
Li_u rg..u)9_§” )] I rram '._: ),u (\\“‘\a) )% ).aol; 9 GA; cd).ml J.:.)w .)l?o‘ o Jul?u d‘): Lgldsl.o>.h.> ‘_;:Lo)

. Y N TR z.
B0y 398 e Julow 4y (JolST Jualynd o ysXl g il S S - S

oy pllas slool g baieas  Jole sl Juo 5l odlaiuwl wul o o)lsl o] 4 closl y3 a5 6,505 5,500,
b S5l oolatnl b1y pgae S 8350 Jole (gl Jio (Y2IY 55y 5 o2) Gl (asli o Loy (6985 slodasuin
sebaied wadliSS Jae S Jle (gl s o s (g Sloin] (g)li8)) (eolambl e b (oolasdl Jole wix

@S iy opl d (Yoo (o Ked g Jiw) A8 oo odlitwl Jas ygmw,S) oo <S5 5T moew 335L (30 gl cmses
nn=o; +B.ryte () b,

9y S lpedn Blgie 38l S bl o Sl & aul b cod uib)ly (iludineS” Jho S

b 9 S CS > padla b gilhae wl obd) (558 o5 &S1p2 05,18 eoliulsjge b3y (558 JeSuts
O 8,5l b (Ve o) llSen 5 (93, (1A 09)) 390 dmlgd V plpy (5355 4 s a3l (9w S
83jL 3l (6553485 39l elatony liime ol Sl )ld (Sl (gLt 4 (Holeo slodizjn g Jole
L (Y +8) Vgilolo 5 LS 5903 ooliel (VASY o)) (glaslopur sl oyl (6,138 Cunsd o 5l la sl
5485 5k 0 1) sl e 3lis] (asl 13 o5l (g g oot Cnsd s o 4 o8 (a3l gy (ole a0 S
o3l Ly (WWAF) omila 5 Lugidis e il (adls by diee Juloo 4 gy Jio ol jl onlial b

1. S& P500

2. FTSE100

3. DAX

4 , Fernando, Francisco and Javier
5. Tabu Search

6. Genetic Algorithm

7. Rudolf, Markus and Jurgen

8. Co-integration

9. Big bang big crunch

10. Differential Evaluation Algorithm
11. Coridli and Marcellino



ib)chY’B)sbc\i'O ‘g‘l‘euliabd 0+

sl yiel)ly )3 35250 CbaBpac g Lt ) 4 Seop Gl b 9 LSS 4 S uilyly (siloaieS
33505 Jolod gl (g jludings 3,505, jl skl L1 Jue

ObS—ingh il )l 425 3)90 3 pa3LE p e soiT SIS sl Sloj o shnades 2,80,
e S-Sy g KBy meren slay gabadgs Jho D)) & (V2 ¥) g 5 (6355 cal 48,5 )18
wlody Al Julow d ¢ Bolal (g5 40l 5,50, 3l oolatwl L (Y +0) Yu.)yj g 5ol LSis ly jasls
9 o (Sl dinte Jo (V4 +0) 285555 5 slonsygS ity (Jloj slacspm savads Sl oolital L jasls
9 (VIV) 695 9 2 9 95905 (yme ) g (St o Sl p Sloj sy gbads ln ) S
Silwainge 3Su9) jl ol L1y Jae cnl yiall plgis 4 (Siwapd o ps Cuslabpas (VWAY) ugins 5 5o
W13 53 gy 3590 sl

3z ol S Lo il ly uSle g 33 oo 58 o3kl 390 a3l b3 sl & (5,503 Lo,
g adbly padls sy (655 Sl 4 (VA0 5120Y) 5iagS )l (ilwainge 3,50, il o3kl b (VAAY) s,
(ale ¥ sl Jas 811 (Y+1VF) Sl 5 (g9, 905 28L01 Jaa ol & 35 |y (Maleo (slaaiz 3 (V294) ° o),
L g sl adllis,) oasls 5o LS sl olyly 0Sobe 3,509 5 lole sl Js a8 5 T yb 5 L
bl Jie ol 0Sles a5 dls (L5 pgo B> (g e S siloiere Jao Sy o] s 9 Joe ol
S5 S5 el yd bl (Sle 3,09, 5l 29 Ml piag )L eSS p e slaJde 4 Cos
ooy sl bl (gilwaies 5 0l 035l (gilwdinin 4 3,S5s, opl aST> 5 oo oolainl 4L lEs,l asli
bl g LSO (Y25 g5l g Sl ¢y l5) toles sl 1y aslis 51 5V 5 ,lisly slosjly Wlsis b 3l e
L 5 (Y2 5) 5315 5 S5 el aizblog (g5 9 a3l o)l 35 ) W (gjlotinii < o B, L (V1)
Ml > 0a3Ls 9 6580 B35k (g WSy y5Sde Jio oS 4 pod drp> (Solar (s ST (b Sl esliia]
00,8 abul jlalize M S50 9 S Kin diloyus

S e
Silwaisrr gladie byl Cushadpac (1i8)5 Jlai )3 polateds & lgial (gilwdings 3,509, «Sloj sBs

1. Focardi and Fabozzi

2. Dos and Cincotti

3. Cornugjols and Tutuncu

4. Markowitz mean-Variance

5. Rohweder

6. Robust Fama & French 3 factor Model
7. Wanderlei, Estela and Oswaldo

8. Yao, Zhang and Zhou



o+Y Ol Ko 5 (gk05w0 [on (Gladisn 4D Joliie OleWb] g ¥WaulS 1 o (St ul b 350,

Y&

Sloj Loy sl @5 Bl 2S5 cnl 4d (Bpme (VA0R) Sl baogs 1l oyl (sl YarlS 5,505,
S5 ol ol gyt 1y (Dol e 93 e (Stopn U 33l basye Ll Sytte g5 4 1, cilises
9 F(x1) lacsls slapie b Xy o Xp (dolad yuxio 93 (gl F(X1,X3) (gim 93 S o mjo5 (sl )]
145 3, 0959 € YoulS ml SOF ()

F(xq1,%2) = C[Fy(x1), F2(x2)] (v k)

0%F (x1,%;)  0%C[F1(x1), F2(x5)] _ 0%Cluy, uy] IF;(x;) (¥ dla)
ox.0%, 9F,0F, Al f2(0) =—5 5 - 1o ’
= c@ x| [ A

L (@) ot = (U, up) 91 =142 y» o u; = o F(x;) JS mb saimd lis f «599 dlasly 4o

L wlgie o it iz Jloinl mjg @l po Ml 4048 3. il ditugy slo o & (i sV glS S
g 0d L 598 Adlre Ojao 4y Sinly sl S g slasls x5 SO

239 b1y (olal slayite sl g goite YlS @l b ailen o8 sjlo oo B 1) liie (555 (]

o) amd pasis |y Laysiie o) gloe (Stues slagSl bl cnl b 5 55k Lasiye bl S juiie

el o yiwd BB Ll qogas 1> IS leMbl oy Jodo )3 45 ditwd (odaxio g5l (> Y g8 (YooY

YoulS glgil byme .Y Jois

C%(uy, uy..... Up; X) €59 (uy, uy; p) =

1 1
— - _ Tgriy-1 -1 -1
= |Z|zexp ( 2{ X Né&) Y (P (u) - P H(up)) ‘“Jln).?
ol PE(0.1) (Siawnd o b o pitagd 3luilinl Jloy mjei b ¥y g8 balg, 5
Cy(uq, uy..... Up; 2) )
=K|Z|2(1
CT(ug,uz; p) = Ty o (85 (wy), t5 (u2)) Teasgil 5

+ v—lfzvg)—(v+2)/2 1_[(1

+ v—lfiZ)(v+1)/2

1. Sklar

2. Patton

3. Normal
4, T-student



< D)qus Y 2,92 AR cdl«o UW

o+Y

gl (5 0y ite S i esSan By g 33l 423 U ( (Siaspd oy P aidgiinl (5 opite 93 @i Tyyp
sl ) Oygeo 4 g LI mb oaims lis K el

CFrank (ul! Uy; (X)

CFrank = —lln 1
~ a(l - e—a)e—a(u1+u2) (e‘_xaul — 1) (e~ — 1) \J‘;l)-é
= ((1 _ e—a) _ (1 _ e—aul)(l — e—auz))z + e —1
CGumble ) CGumble (ul, i a)
e(—((—lnul)"‘+(— Inu,)®)a)((—Inuy)*(— Inuy)¥)* 1t 1
= = —Eln (1
1 Y -
urtp (<Inuy) + (=Inuy))*e LMo DE oD Jwels
X (((-Inu)*+ (—Inuy)*a+a—-1) e *—1
CEtayon = (1 + ) (ugttz) ™ * (™% +up ™ 1 IR
Caayton(upuz: a) = (U “+u =1 (Shas

1
_ 1)2;

: s . Tl g - :
(V-3%) Vsagle 5 s 5 (Yoo A) 5V gal (¥ +) “Sigun ¥+ 2¥) T slol il 5 Lo e posl st

o=l N b e aslii Aww)l SYols Hlae b ciloads oold ylis 558 Jodn 0 a8 SLL (Y elS aw

55 ooy (€YilS @l sl (gl bt Sluogas 5 ol Yl b Vel ailsi 51 oo 4d Ky eodlgils

Mge 15 sl 5 ials (R Aiwg 45 cowl C(up.uy) = ol o)) + p(uy)} ©y9o @ 0y
Slacs 55958l ) dslre g 4 @I LugSan ans 0l 9(1) = 0 & (¢ yob & @:[0.1] > [0.0]

(WWAY (e

P M) 0 <t <¢(0)

o @ ={ 09p(0)<t<o

(¥

1. Frank

2. Gumbel

3. Clayton

4. Embrechts, McNeil and Straumann
5. Song

6. Stulajter

7. Kharoubi and Maurer

8. Archimedean Copulas



0+¢ Ol o2 5 (g0 [ (guaiigh D e OleMb] § Yguls 1 (Ko (Nmod ol s 3 51,)8

Jlo oMbl
olys GMS el (Boliad i 9 lee bl e 8aid )l oS cunl (oS jlxe SO Jilite cleMb]
3y e 93 Gl (dad LS, s a5 (Vo) s (o () Qg (Shued o pd oned Bgpne (Sed
olas 0l & psito (355 3oL it 53 oo (San (S bli] oled 88 5 3 3 s slne 2l 25
Cand & Bolad pxite ,500 3l Canl (See SleMbl as ( Bolad st S polie cpuily HJlidlp b oS dad o oylis
Mie (sl by 4 29 28l 5VL pite 3 ol Glhe lite SleMbl jlxe bl iy SleMbl pl 4352 )]
bl 51 02l Ly it P, Y) S e 55 b o 45V 5% (3ol poite 59 s it oM

P(x,y)
I(X;Y) = P(x,y)log ————— b il
;( yzy PP (y) (6 4=,
Al gt (5 3 lwaings

Pt Caalad (Gl S (63959 (sl yiall &5 Cunl cnl 2 (558 cgiluaingg e SG)55 (S>> IS job 4
e ooy8 oyl bl (258 (Bly sbid ) siledire slaibe) (30 ) @ ln & Cul Sy Lol
sl o (i Mo 5l s )l (Bl jlade (8 Salold el e slbad 3)lge 5l 6)lemn > &S e
St 455 a5 )3 e iy ol e 393 el Slye 35 S0l sl iopan 35 b
il pas 53,8 15 55 VU Sl g8 an axgi b (Ve o5 | (Segad 5 SolSI JU) 25l Gl ]
Coro g S gl 3 & Sl ogo Altus ambly ) 3l 19,2 )18 4 (sl siloinge sloJro slo el
ool 48 lasige Sl 5 Sl S logi 598 el Jlake 51 Jao glo ey STo0)15 (5550 25 Ll
laas jadly Lacodgaisw jl Sl dan cad jl ) (Sae bl b sl oad duwlore b jiolyl cowl jlads
sl 3 casladpae (pl (35 a3 )3 9) nl 5V 10 (85 5 ool 95)55)098 B e Slg 039
Sl ggoge Sl 3 a5 0 K9, 5l (S ) (YL Caenl (HBly (o ) (SL) silwaige gl Jae @l
45 3y S e )8 odlatl 3)90 Sloj slginl (gilwdingg sl gl (giludig cuslons 48,5 jlai > jlate ()l
o b a8 L) og s casbabpae (s gl (sl See palie (olos il 4 oS sl gl Jlis 4 S oS
S8y B pielyly copaladpas b SYLts] ()95 (polal 2 &5 (Bolas (gjpaaly S by (BL (S0 S5 ©)le
s g olosnd ) W3 g0 LSy Cunmnl aabpae (sl szl sl oSe plie (alal 35509, ol S s
2 Jae slajiehl bl pas les (o Juo syl @5 3)90 53 (28 gy nl SR> Oyl 4 (Ve 0¥

03> uisgi cwl Jao slayial)ly (gl 1SKen polde (olad 00513 5 50 A4S cushadpis degazne bawgi 0,554, ()]

1. BenTal, EIGhaoui and Nemirovski
2. Bertsimasand sim



ib)chY’B)sbc\i'O ‘g‘l‘euliabd 0+0

284Sl g (M) daily (eges )8 4 (bt (g )aslp dlie S 3 (V10 (2B 9 glrs)S) 298
A5 () adaly Bl )Lite Cuabadpue dogacme S b jiall 51 So ya (sl 09 Juo 2l jg 0590 5

D9 g0 4B)S
min,c'x
St (¢ dal,
Ax = b
x€eX
a;j = [@; — @@, + a;] (v akyl,

s Lo ol dom (ol baly b op 5 (s 2y Jleis] &5 Cllas ol 2 0)Lal b (Vo o F) o g (olow
A3 g (L yusio (59) ) (hol (gilwdiny dlius 93 p Jotie Jad g3y aslip Jlub Jao Sbwsys ol b

W) J.m\9> dj‘)l (A)d‘-‘“’b CHgo & (Lm/wo‘)l-ﬁ 9 )J)

min,c'x (A i,
St
n
Za_uxj — Iip; —ZCIU = b;
Jj j=1
pi +qij = a,y;
—_'y]' < Xj < yj
x€X
y=0
R M (0960 Jo

4Bl )| (madld (558 S sl yo 93 aul8 G 5> Siaggy ol b o)Ll cnl Sl iy o5 55k e
s D9 Giloil (Sloj Slaspw uaded 350, jledlatnl b padlis 3 Slas (ol dl>po 53 35l
Ao )3 290 dbml ((aSLE oin LS5 slaprew I (658 S L) (a3LS (e 5580 S plS ] 5
o s (oled 985y Dl 851 &S 39 o drwle (claigS e gl Al yo 0 0ad L5l slapres (gl cpgd
Dgad Al ¢ Jol Al o 50 00 D] (adli Ol (o2
o3iales N 09,5y jl g 03903 waundli 09)5C 4 1) e L oxidd LSS slaprow o Jgl Al o 53 0ab oolisul Jae
Jas ol D9 o (asiiiie 61 1S paeual lawgd (5985 b LSS sla olyb slaw il a8 o bl

g oo Al 25 JSb 4 (gl



0+1 Ol o2 5 (g0 [ (guaiigh D e OleMb] § Yguls 1 (Ko (Nmod ol s 3 51,)8

n n
maXZZpij xl-j (°L 3"‘4")

i=1j=1

Subject to

n
1)2 Xy =1 Vi.j € {1.2.+.n}
j=1

n
Z)Zyj =q Vj€{l.2..n}
j=1

3)x;j <y; Vj€{l2:.n} x;j&y; € {0.1} Vi.j € {1.2.~.n}

Qa3 s dil,1 g slwdinea Jobo b el b

b J 2l B35k g 1 ol 835L Sloj (s pw 9 bt Bilal Baimd LS el )b ol e 2p;

Q iyl 43 o il g5 hodinge Joke (g1 puiic

S5l 5585 > 19 (Sly2J e b 48 sl gdgo gl Bt o5 35 LSl 1, ) by ol Wi so
Ol = 5 ) olide el 09 QLI (658 13 yph> Sln T prew S Sige 0 (Sols S b dgd e
Sgei wlgd Ll ) jho lade g0

P o Bl i 42w L] &S ol go9e ol Baimalits S LSl )V i ool Wil o i
) s jladie «yso (ol o8 13 9 ) e jeS3e puiie Sl T e 0 led J e ST ()l 43 b 9 s

Dgos Anlgs Lesl

Q ahly 43 aud Byl g 5lwaiags Jdo sy dgu0w

Al il sabled SO Wlg o badd pw b &S LD o L b Cudgate degesme (pl 1Y B ylows Codgame
lizo &5 0y dales SOl (X7 Mie) ddlge I S st {X11. X095 293 ) S i =1 Gl 4 Jko 4y
D9 0033 i ) B ylewd Cudgame o ygo 4 Eausge ol il Y i ) e Bled &S ol ol o

AL A4S Cunl (65188 ko s S B LSS (gl peaw S Cudgizme (Sily Codgdzme (pl 1Y B ylows Codgaome
el Slo Yj pusio g S Waog,S 51 bl aoailes lea (6154l o b sliac] c\flon)'l Sabgboply
Al LBy LU Y Codgize sl oabled lgieds | pre Sl pae

J ot 48 Cansl ol 8O LIS Xy puiite 13,5 5D e (b pusite iy pai jd 4T jeb e 1Y B jlowd Cudgasee
S asloys dms 3 join sl LB BBl Y iy e ST 05 b 358 e Gl e Bl gy

j R 450")9_‘0 ).))\ l_’)_}‘)J .-\J]?JL;O xij)l.u'ia = Cawl ).i{.) dljbu..{])‘b )l u_i).g 5.&1{&35 Cowl 0 c.:l.’xu]



ib)chY’B)sbc\i'O ‘g‘l‘euliabd 0.y

J bl £33l s ply Vi e ST Lol sl (AL T e odles | et 4 (5yg0 53) o b (15L T waew odtles
S @t S rerdr e bl 103§ Soge Bauled g Cunl oaits QLal 1S lo o S 53 i gl
A3 Ganass D34 |y ) e wle el X (sl juiie
O G P D9 o0 JroSS (5985 St sl )5 3)90 (Slapere ST A3 (358 Jhe (25 S L
ke o855 L lade el o5l slaeten ol 51 p1ST 52 53 ()38 lops Coni b 5950 53 prew c) i

D9 g damslne 35 Ojg0 4 0dbpled (lgie 4 0L o 2 s

k] = Vi xl-j (\' :\.‘a.’b

n
i=1
3 el o L (35,1 48 Il el oad Ol Lagl 8ales lgis 4] whes o Casl lopges )il 55))

iy 5 ©ygo 4 Pj olei L bages Sl pRST 50 )3 (65135 ale pur Capuns A duslone (g985 sl BT (Sloorew

Pgs
k; .
Zf=1 ky

S5y oind LSS slapre 53 IS by (gl o 8by silwdinge Jro ol o3lil b pgd alsyo )
S5 3) 038 doml (985 Sile 03jl 4T 355 o (e (SlASS 4 (gl Al yo (295 58 ) RIS e

ol isled BB 5 g 4 Jde cpl g didiy (4Ll )] asls

9 (VY dka,

q
> af =0

®f > —@; Vi€ (12...q}

-
1l
[y

Cal (LS Baled) Jol Al yo )3 oad sbml (pad Ll (5985 B35k 4 Conad ey 3ljlo 8351 By Lt 17
ol (ua>Lw Z.L.:Lo.) cJ9| ab)o » 040 .)l?ul ua>Lw gLﬂJ) d}‘“)’ 20 phew p» Lg)‘fdul,o).w 0)9 Z.L.mbuhw (P]
Do oo Aol VY dlayly 33kl a8



o+A Ol o2 5 (g0 [ (guaiigh D e OleMb] § Yguls 1 (Ko (Nmod ol s 3 51,)8

VY alaly 40 saws &1y) g 3lwdins Joo (g puiie
al (Al Oy sod 3 gl (jg 4 Cans | 2l 53 ()T w Loy Slile 59 PF
DS e Al |y gl ads e 50 00l dlonl et (6985 4 Cond (985 d3le 035 VY Byleui e
Codgazwe dloul jslaiody piomad il yao b ply Lb Jde slb pxio ggemme &5 05 o o ¢ Jo Jgl Cudgisme
2 2l igl) A8l 55 (el iy ) e 2 (gl 403 ke STl dlile (sl p2lydal (59,3 5
Shls 4 53 9395 03] (a5 (ol sleodls Il (1 51) Jae cpl slajiel )l &8 S5 opl @ do g L
3 0slsl 90 A dlaily )5 ol (gilodings 309, J) Cumlabpae cpl (585 a5 )3 jslated it Cuslabpae

W ales gl w5 O 558 Jde Al g o odlitul culaid I

(VY o),

q q
maxz rf@f —TIp —qu
j=1

j=1
st:
p+q;=s;y; VjE{l2...q}
—yj <z <y;Vj€{l2...q}
of > —@; VjE{1.2...q}
p&q;=0Vje{l2...q}

a8, i j b (Su,bolile 8330 5 laliwl Glysul Jolee el oyl ol (jUassl 590 3ljle 5350 Hlade dy s
Ao S5 jgdatedss pl (2l o (ISl y i olad (59 (Jie ) Jdo L (VY g9y 9 03) 9 oo

355 g0 sl 5 Al 51 o3l b anllis)) asls (o liSalo

W = of + &, (VF da,

9 by 5

S H 39 O (w3 Juo 9 JLS L

il adllas LB yj zyd 4 8)5 515 0)Lil3y00 LS ide )3 &5 egrie Jie g2l b

o)Ll 3)50 (5)1a Slo Cand 3 &S Sloj sl gyw z9) 2 (e bl (S 0jlul olhe dusloe 1S o8

Ay 3 oad Sl gilodige Jao (53959 lie 4 218)5 1,8



ib)chY’B)sbc\i'O ‘g‘l‘euliabd 0+

Clod) g9y JSeis (Gile 4 5 cald Jlae o (il 4% ) )5 0nd &) (Giloainy Jao Jlod 1090 @8
(Sloj sy calid lakae Sl Sy o il 4 (a3l

(B Sslona) V) Al 31 o3lisl b oy 5] sl 51 S o 5 (£ apleyes 139 dunslns togne o1

(1 dmslons) (a3ls Gl ooty St (sl 0l Ll oo a3l 3)90 ko 83} dlro 10k o1
Mjle 835l (il 3590) bawgio jlade duoloes 4y VY Ay )5 oadddl)] (giludie Jho Jilod jlatody aSl &y a2 g5 L
Je jleolazwl b sl 50 Jlade cpl alsye cpl 53 el jlo (et ls 4 Cond Obdy (o585 y baiad LSS (sl b
(Vo) e (o F) 205 (o0 S8 dnwlne 390 (AR) (Stomogs

alaly Jedow (gl & (60505 yall (8] duwloe) (padld 4 s ot 2 S5l B33l (lugi duwlone 12y @
ol AR o 3l ooliiasl b odd (o (i (5650ke & Connd we y 033 lone (g jlade sl L 3y90 (VY)
(VY sy 5 o) ol 00h o3l ploss S, 3ljko 035 3,1 5lkasl Bl ool o 5| pslito ) el
S9-S5 pg-latody Laggew il gl gl el 5 VY Al 53 0 )] (g3loainge Jio il ipalnd 08
(BF Gulee) 3llisy] sl

eSS dw JS jedatedn (B p )3 )liSale s 2l (g dlore 9 VY Al Sl eolatul 1eiin @5
(W Lples) asillis)|

sawiodliwl goald

Vo a3l cnl Sl (s sble 3l om0 2508 5 sl Sl (o 3l o8y ooy ad i

(VYA 80ksy 5 (o)) wigdiee Ll j sbojlme @ dr g L (a3l ouins S5 slapews 9 35850 jg) & olo
plos (SWgsid @

Sl sl B3l 2 plo b @

S35 Srcuns pogada (Jlo s

g by sl 55 3590 wlig) 035k (Sloj gy ol Gl calid (e homi lp &Sl 4 a2 g7 L
0L Glie an (e Ll (ol 5 Jld €8 5 ooy jasls Buad JSis slapee (galelae 5 (595 (slayline
ol 0dd Sl [ad s Cbdy (905 p JuSis jalaieds i

WAY e bl LYAY jle ol 5, s s o8 b 00 jasld (So,b ledbl 1 Juo oo jslatey
Gl ale dw y 2 0 (a3l saiad LS S b aslS Jlo Y aleMbl jl Jhle a4 el oid odliiu]
S9- 3 S5 Gl e 32 )3 IS e ps ligl el )l el ol 2 g 008 o3lisl Jaa sl yiall (o5
ol Sl glacS s aBly leMbl loalitwl b s g oo asuiie dBLlE)l oadls 6585y 5 adld
03> el igiy V5w g i dwloee 3,Sles b5l sl sl wale ¥ > 5 Jled S B e ls

Dgis



AR Ol o2 5 (g0 [ (guaiigh D e OleMb] § Yguls 1 (Ko (Nmod ol s 3 51,)8

3 55k 11 50 e
A_»),S < )1)5 oalaswl )90 LJ._\.o )1 LW C‘)"""‘" 8995 b)ﬂ.o.c @L»‘ d‘)—? &S db)b.it.’...u‘ b ylxe oo u"‘ 3O
D9d (oo (Syme

L aS )lme ol g oo odlatil Jil o jlme Sl a3 ld 0Ly )3 (6985 S5 Culibge iomi jglaled,
e s L ol 035 (3890 a3l (obdy 5 g5y LT oS ams o L g oo dmmoloee VO abasl,y 5 odlaul

_1+rz§

MR = .
1+7

(V0 dkay,

T oloy 53 (o 035k odmdlis B g1 olo j3 (adls 03jL ylaide ssimd i T 58 alail, ,
45 bebin oo Jl Solsa 25800 odlatul (2b3) slad e Sl Sy slasiiy 3)Ses auslie jslaied,
b3y glbs oS sl 038 Joo 53890 (298 p it (paseie Glebl gaw 1) S b 2l Sk S il
oAb dlaly )b 545 2bs) (slad il ansly (6500 4 Cund (paede lisebl aw ) s 0mb

(S9) 5 o) CBy anl el 3350 o )90 )3 csgiy 033l 5 (aSld 033y 3,Slas BT )y 4 29
(Y)Y

n i a0
rgi = Zial i (1 dka,
n

i (V0 dlarly (ogad )3 0ad (Byme sl yiall Jolas <598 alaul) )3 39250 sl el )l
Sl oasbla ool g b e odliiwl SLeMbl Cund jlre 5l adllis )] asld (o805 p Cutdge ot jslaieds
D9 oo duwloro 3ljlo 033L 5lailiwl Bl il e ld 4y Cond (59855 D3l 035l pasnd

i — 9 (5 = T1)

= (VY dlay,
stdev (1, —17)

izt (VO dlatly (ogad )3 0ad (Byme slayial)ly Jolas <598 alaul) )3 39250 sl el )l

g3 Y gw
So plaS jloolaiwh oS cawl Mo cpl a0 Fewly JLid & Gidgds oyl «398 50 o &3] Cilegudge 4y dgi b
S el Sy ol ol Gonly JU5> & gy ool i G0 g3 gite ol b3, sl b a3l
sl 53185y 4y prio Jbo (bl Conpte 8.8 5 )5 yslitens gt (s oty 3,503, 5 eolizaby
e 55 Al3le 835 el cnl 4 (255 Ely (sl TS sl ((aSlE @ s boliae Sljlo B35l Sbxl) 4Ll



ib)w“"‘b)sbc\i" ‘Jlﬂ-’&ai’ﬁ 0y)

I Gl il o (g)blae pobo 4y jlado 93 (] BB &5 5)50 )3 315 (o0 )15 dunliie 3)90 S LS B350,

..)5.3 J.hb& Culo )95.3.4

oy slbadl
Do S AV ke (Ll BAY e Sloj )93 Jguad I S jo gl (padld ©bdy (6985 s als o
Al jglaiody ol oads 48,8 a5 15 g Vo Jolee (a3 ld Ol (o5 i LSS (slapaw dlass
lmlos 88 1,5 auglio y50 5 Jleb 5 5 00 sl a3l Laisy (o 033k 0, Shos bl (slo b
WMt 5z 4 guls Jglis yd edlawl 550

oW by gl y ,1850U Y Jga

SR S8 5 lod

Sloj Glaispw calid o jlne plie & € gl (YlS (e (Stuner? (adls plol p die oy | A s

Sy slaspw cald o Jlre Glaie 4 € J (YRl p e (Snen? (asls olul p dite s9p | B iy

Sloj slaspw calid i jlae Glaie 4 € JelS (Yl ie (Snen? (asld olul p dite g9 | C sy

Sy slas s cald i Jlae (lgie 4 €SS Yl 5 e Soed? (a3l olul 3 dige 5850 | D iy

Sloj Glaspw calid Gionus jlae Glaie 4 €M YglS 5 e (St (23l ulol p alge oy | E o8y

i sy calud Giovuw jlae loie 4 € blite SleMb jodls olwl » 4 (s485 5 F oy

A28 o)l ol 5l Sy 457 ygb e 290 0 Bl ogisyy (gl ylik Gyl dwlors 4 dlje 0l
bl o3l 5 ulie oy pslatods ol V Jolas (el by (g5 o ) Jlxe nl sl sllae ke

D9 o 03wl yj yguo 4 drols 1 Slo Hlade yiciw

3L o Gz G903l Y Jga

S 45 GAD 3) 4ol

. YR _
suo ooy lirg =1 _X 1

. t= SIR
S 2y # 1 (ﬁ

Jolse 1003 A% (lisebol o )3 4 jho (1513 3) 4L b g o Ao Lagis 513k Cons (1 (395 o)lol
CJL»‘ Y ode L; )l)L) Cinand Y )g‘)g 9.5.»0 uo)B UA“’ D) Gygeoyd .)9»)@ dwu.il.&ﬁ ] [—\“c'b\c 9 Y‘vm‘] b)".g

18300 518 (s 090 1y 398 (1903l & bgiye slajiall polie 5 Joda 295 0



oyYy

OSSR g (Sooxe [uns (Sxaaigh 53 Jolie SleMb 9 Va5 2 (s (St b 22,8

0o O3, ol 5L Camd £ Jga>

VoY VoY Ja2A Voo Ve Ve Ul il s
AN AN 1a4% AR +/24Y +/24Y AF bl b Cows
Ve Ve /234 Ve VoY VoY U Sl il o
Ve Vv Ve \eoy NEEV) -1aaa U o) Sl S
V- f .[aaf .23y -[2a8 -[2a8 -[230 W g ik o
jaay .1234 Voo .1234 .jaay ./334 A0 i Sl G
/a4y +/444 <[4y ARR ARE Voo A0 0l b cows
JAAY \ VoY Ve Ve -[3A A s 3l e
JA3A Voo NEETS NEEYS Voo Ve Bl ik G
JAAY Ve -[A3A \eoy Ve Ve B b il
/a9¥ VoY ARV VoY VoY VoY A% 50l b caws
Ve oA VoY NEEY Ve VoY \eox W o) Sl o
-JAA¥ \ Ve Ve Ve NECH Yl Sl o
ANYS Ve ARR /e Ve Voo ik s bawgie
A CFAYY. Y04, YV ¥V YFE 3 o 3,135kl G oo
VY- JJPYY R7N —.[¥a¥ A R o el e
s # ® ® # # 0903 4o

2,05 dg3g yo (15,80 (gl Lo %

023l ookl b aeldl )3 bledges Joo 3390 (adli b3y )3 (coip £ pa a5 Ay o Ui yg0)] Ao
w3 )3 (yp 2y90 1y a3 Ld b3y (slagiipy (2bd) (sllad Lawgie

o)l ol 5l Gy 48 jobo (Lo 9o 4y lagiiyy (sl (2b3) sllad jlade dslxe @ dlsyo (]

oy giedny ol (4seS) Hho Jolae (a3l CLd) o Logad ) ke (il sl slle Jlade i3S

2395 0 03lil 135 O ygo A dmals uSile Hlade iomiw (glol (905l 5l p2olie

0L O3,y bagdi y b, sl Sibe (90510 Jgaa
Hoo 458 i 3y 4l

P&AHTE?‘:O
‘S-lub;-é:ll'ns=0

XTE a
t= TN
& L -




4 D)lows Y 2,92 AR c‘jl‘o uLaA;Dé'

oYy

e o yd A Lol 38 o 5330, dali b g o dewlee brgds b Cows gly 560 0,Le]
PN PL e 2B 9 50 S o e

)LO di o L—f LffL’J) ‘_SLIG> u.)?{ ).31).3 5).6.«0 ué)ﬁ UM .3) U)y.a).) ..)94:4‘_546 ML@G KCA.&A." [—\"v&)\‘ 9‘"4‘0\:] O)Lf

0o b, ekl y (b3, ks T Jyue

mand o )8 syt 0590 1y 398 903l 4 bgaype slo el ol 5 Jgaa 39 o0 LI

Fusiy  Eusin Dusin  Cusliy  Buin  Auslin
<Y, Na. A V¥ VF, SRV AF e b slhs
Y e IVF, e I¥0. - 1BY7, - IVF, - VO, AF il b, slas
Y. Y, AT SRV <Y, “IYF. AF b by bt
N, TARYA NIRVA LV — Y —IVF, AF o) by (sllas
YA 15+, Y. YV, e I¥Y. ALY W e by sls
159, 1o IRYA ]+ ALY — Y 0 il b, slhs
YV, SRV Y 10, I+, oY, 0 b by bt
VA, ]+ ¥, YT, IRVA NYY, - D s b3 csls
e IVO. N 0¥, IRV, A0+, /¥R, Bl b olhs
RV oo, — 10, Y, NINYA IS B il b, sllas
- IP¥. “IY¥. — NV, NF. A, NIV W b by s
<IAY. YV, e I¥F, oo VY. <Y, W lisj by sllas
VIS0, [+, “IYF. V¥, [+, ). Yk by slas
—IYAVY. RV — ¥R, SR LV oIy, o0, 3y slhas hagie
AN, YAV, SV, <IYVE, YF. YFE. b s 3kl Gl
SVYYO AR ~V/A4 —+ YV ARV <[+ ¥Y oyll o
# # # # ® # 090l 4o

3929 sho 15583y Sy (> #

03 cdalo ¥ Slojoysd o (gl jolaie pl 4y g oo didld g aBLlE,l asll gotiy LSS & aobdl

Lol (2lody g9 dn Camnd (a3 ld OLd) o 53 y9a> (sl 0ad Bl laeres J1 Sy p2 0ljle
dy90 slaodly 59y 4o (Sble cuns it ¢ Jao ol 5l oolaiol jslateds g o dpwlee  Siwpndsd Jdo 1 odlitwl
i) 039380 Job S 63 geil ) e ol 3 yslaite cnl sl dgde plosl Jae culpd (a3 ol
51 ol LSl domgis )5 g dlg Aty 3939 pas uoyd A liseb) plaw )3 ol 4o 45 canlons ool (Y- )+
B ey dyee A dlaly 0 &) T calises yolie (gljl 4 aSOI L do i b ol Wodly (69, 0 (Stusppdgs Jdo

o a3 ) oolisnl Uy diggy (695 g 295 o dpuslne 8llis)) asli ooy (el Sslise o3l ()5

1. Augmented Dickey Fuller



0Y¢ Ol Ko 5 (gk05w0 [on (Gladisn 4D Joliie OleWb] g ¥WaulS 1 o (St ul b 350,

wilise glal" (Il 4 0ad aple (lagis 51 Sy gl (G)le 4 29 o L] Al il 590 (SleMb]
iy 5] 3550 ML Capuns 45 o855y 5 005 duuolirs (42538 cloodly olul o) il 3y90 SV Capus

g oo (IS L 5 O ygo 4 0dd 2l (slagds y b dnlgs Byme Ay AL, Sl soiy lgie 4 )

AL | pad L gl 5 50UV Joaa

3T) S98 y1 Olod

A adls oy ol p a8LE)| cadld ol y A" iy
B bl (goiy ol allis ) adls goiy B ooise
C (adls 5 bl aBLlE)) adls iy C s
D el (o5 olsl yy aBLlE) sl (o D' ooy
E oadls o p polol p aBLE)| cadls 58 p E' oiiy
Foadls 5 (bl p ablis)] adld o F ooy

ol 005 duglio e a3l Siin 03]l bawgio b aBllis)) oasls clogiy (Siin o)l Lawsio A Jgis

ABLUD | gghi p g pad b (SHan 035l bwgle A Jgi>

Fragin B iy Doy Clugdin B o Agedin oW

VY <14V, <YV, <I0AT. IO SOFL || AF ey (Sadm 0d)l Lawgie
YA SNV I55. J5O. <IBAT, SONL | = YL AF il (Saan 035l Lawge
1%, “YY. —IVF. R YA IR TARVARN RYR ¢ AF 5l (S 03jL Lawgie
YIFAY. \lar} \ARY/ YT A/ SVAL | YIYYL | AF e (Saim 035l Lawie
SIAFL | NYL | <AL | VAL | e IAYL | <AL | N Al (Kain 035l Lawgio

oY, “IANY. - 1OY. <Y, <Y, RO YL | R0 el (Sian 03)l Lawse

I\, <V, N, “I\A <Y, <IN ¥ A jub S 03jL Lawgis
A7y ISYAY. VA ISP VAR I YAY 4 ¥, SNYL | YV | AD i S 033l bawgie

VY <IEVY, ¥, iaeh V- 87, SANL Y Wl (Sain 03l Lauwgie

<I¥07. VY. <IAVY, \IYF. \IFF . VPO, AL AF il (Saam 03)l Lawgie

“IVS NS VY. VAYY. VY. VEYL | VY. W 5l (s o)L Lawgie

Ny 1587, <INS < 1OY. <154, VL YL | A8 e (Sain 03]l Lawgie

SYF. Y/ev VY. YV YIYOY. VAo \IYF. AV la S 033l Lauwgie

¥V <Y/, < JOF . <V, <AV, <Y, i3V 5Sile




< D)qus Y 2,92 AR cdl«o UW

i) s (9 St 4058 (903l (aSLE 4y s St (23l Sl )3 gy Cubge o jglaied

290 Pl 5 )0 4 903l losd e pll (a3l 5 iy 03]l B Lawgio)

).fboué)é:uTESO
S 2 S Hrg > 0

by glbd (g ylolae 905 A Joa

i
‘I
|

Joleo 10,3 A0 el pdaws (3 45 Jao (5,8 5, 4l b g osd duloe lagal )il Cans (gly 595 o, L]

S oo il ooy slad Jlide (dg Cuto cyiuo (5,8 (A 3y Cijguoyd D o dmwlie «ul [+Y/FA, L] 05l

33l bomye slayzally polis o5 gt sl (55 Lo (a3 Ld & s D3l 03]l sl srimy Lt &S

B3 oo )8 (s 390 1y B9

4y glbd (g lolae g0l gl V¢ Jgsr

Fradin Eugin Dyolin C' oty B ssin A so¥n
AR IS YA IV INGA QI < [BY. AF e 2l sles
RNV ATATAYA ARYA AV YA ARV ARYA AF Gl obdy slas
ALY SANNYA —+/\YY. -/ 7. —+/+Y. A2 ¥ ol obo) slbs
AR A YIX#). «/aY7. Y/ V. AATAYA AIALAYA AF luwe; (2bd) slas
ARYA A <IYY. <[V <IYV. ARYA A0 ke (sbdy las
ALY N ARV —+[+Y. -+ Q7. SANGA A0 bl by slas
AL ALY AR A AL A AR YA ALY 0 job obd) sles
A oY, VY, RV IVF, Sl A e sy sllas
<IV#. AR P —+/\Y. AR YA < IAYY. <IYY7. A8 e 2bd)y les
AR ARWA -/ N AR A <IYF. At A5 il by slas
V0 N R YR Y VY. 35 sl by sllos
ARV SARMA —+/+Y. <IV¥Y. ARV AN A5 buwe; (2bd) slas
ALY <IYF. AL YA VN AV YA - 1747 AVl 2Ly sles
Jo# DY, Y, YR, 10%, DY, by sl Lot
¥ ISV, ¥ I8V 159, EFL | s ot Gl ol
<1ONY YIAYA VIYY - YIY-VY Y/AYA Y/avs o bl Jlaie

2,005 055 yao (5,80 sl Lo %

Dgd e D) Yo ()5 i



oy Ol Ko 5 (gk05w0 [on (Gladisn 4D Joliie OleWb] g ¥WaulS 1 o (St ul b 350,

Slodg i Jos 3850 asld dl cans dljle (2050 bl 0 E g BT A" goiiy ¥ ‘09‘)‘1 i 4 asgi b

Owe (padls 4 Caud dljlo 6350 0gMe aS) SleMbl Cond (asli edlatwl b ) (5085 p duw (pl Cuddgn g7 oo

ol (wyp BB 15 Sygo 4 (gs5 p ¥ SleMbl Caws D 148 duslio 350 (55 o sla3 1> 551y aljle 030

Jlline AU ) Wgis py SEM! Comd 3 ) Jgoa

Y497, FEITV. AR Al SleMbl s
YAV, YaUFE. YaUFF. A il SleMb] s
YOIV — 1YY, VWAYY. AF b SleMb] s
VY- 1207, Vo). BT A i) SleMbl Cons
N¥¥ YYIYYY. YO/FAY. W e SleMbl s
YVIEV SVefe e, VIVYY. W il SleMbl s
R {aY: ¥R, V4. D by SN s
Y/AY7. YA/AAY. SYARVA A e SleMb] s
VE/- e LATARYA YANY. Wl SleMbl s
Y/ D2 \DARYA W il SleMb] Cos
YIAR. YV, Y105, W b SleMbl s
LATAR A ARVERVA FAINOY. 4 i) SeMbl o
AYIY A/, AYIY VY. OYN Y. WYl SleMbl o

¥ SleMbl cuns (905l ol D95 odliil g5 Slaslie g0l 5l g3 o csoiip ¥ 0 Shas e jglatods

9 e Pl 2j o g 8300 )l)5 dunlie 3)50 93 4 95 Cjgo 41 ]y (595 (9

O leMb! Cuund a0 u’o)i IY Jgos

Fuo 2 (i 3y sl

so oo,8 1 IRy < IRp
S s IRy > IR

sl @) BB 5 236 4 (g0l nl doms ol 38,5 B (g9iy 3l (sylolias



4 D)lows Y 2,92 AR c‘jl‘o uLaA;Dé'

oY

WAL, pad Ll Lokl g 29) Olwglie ygejl @li IY Jous

<Yy

o el

VY o bl

38 0929 A" W E' (5985 pip 2 W

Sl 2929 B' p E' (6985 65y 2 D

E o8y

-[-¥5

ool

)5 3529 Ay Bl ssiiyy sy g b

B' 598y

slo)lages 3,05 3929 SISy 4y Connd ABLIE,| ab L Lagoiipy Jloline (65 oS Canl Sly (398 Jg 5
Lsgio 03]l 5 (5208 ) L) (bl o5ty (St Lawgio 033l (2 S5, L) padls (Sian Lasgio 033 <0
a3 oo QLAY e BAY o Jgad 5l G (gl ) (o 55 L) 4Bl ) padls g5 (St

average weekly return

—65— Index
— & — Index Tracker Portfolio
- Enhanced Indexing Portfolio

time

*
: —6— ndex
— & — Index Tracker Portfolio
o % Enhanced Indexing Portfolio
c 003
E]
2
s
2 0.02 k *
2 o=
2 00 ﬁ/ N
o
g G
& N/
001
002
14 2 4 8 10 12 i
time

S 3 9 (oW (598 1 (L 8331 .Y JSW
C;db,:.w‘ ") dY%ls 2 &éQW)l u..ab-lm

°
2
&

average weekly return
o
P =]
2 o
= =

S 9 (bl Gy (pad Ll 0351 ) UK
s YRl p S AL aadll

—In Tracker Partfolio

-~ Enhanced Indexing Portfolio

average weekly return

S 3 9 (oad L (o (pad Ll 033 £ JSW
STl 8 YaulS o e LWl sas L

—5— Index
— & — Index Tracker Portfolio
- Enhanced Indexing Portfolio

S 9 (bl (ol (pad Ll 033L .Y UK
Jol8 Yl g o ABLLE )] as s



oA Ol o2 5 (g0 [ (guaiigh D e OleMb] § Yguls 1 (Ko (Nmod ol s 3 51,)8

0.03 0.05
*
* o ndex —S— Index ‘
— & — Index Tracker Portfolio 0.04 — & — Index Tracker Portfolio

0.02 i “# - Enhancad Indexing Portfolio : # Enhanced Indexing Portfolio
c c 0.03
2 001 2
[ * o
=2 2 002 #*
i <Y ki
2 0 @
H w7 z
2 0.01
g 9 g 7
) ©
2 00 g ;

00 0.01

0.03 -0.02

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
time time

Bl SleMb] g 48U ) oaad LS OFYS Y918 e LBLE ) b L

Lo lgiin 9 (5 5 A0 (Cny
oot cnl led B oloj Jsb )3 1) Cute (a3l jlade (pl (padll 4 s Cue Slile (235 Sboml (peus oS
u.)l.w‘ g u.,l_n) dl_md)_w Eladdg> c.i....i; )‘ I\t L 4uas>L..: L_Jl.,.)) LS?"U)‘ k_gJ .)L’>r.>‘ @ (Cwss 4.1>).o o
sbagw cald ljloe glyie 4 Jlite GleMbl (adls 3 YlS' p (e (Staned colpd il o0 calid
S5 elangar 13 6yl ko pur 1590 cpgd dls yo 40 S o (g3loib 1y o)l 5,Slee el oaims JuSuis (clnppow
Loy yolaiody Dgud iy ol o> (5495 5 dl5leodjl a4 dS” W o duwlne (sldisS 4 by (5985 o aimd
L piomed ol 04 oola] u'i““’r"m? sl Jse 5l jadls Cboy (g987 s onimd LSS (gbapgaw dljle 035l
o=l o83 kai s jolaiedy i Cushdpas (il (Siwprdss Jde 5l odd dpulwe dlile (sbaodjl aSl 4y a8

ool gy BB 5 8 & g ool @l )5 ool jlgal (giledige 3,09, I cushbpss
2 S (Sed ulpo Jold) cald slajlne oll 3 gainadod (o) ) oolital Lo sl (slagis
3pSos b)) lagasls pulel y (Jlite SleMbl jlne (yizzen 5 (92 9 SSLS ¢ ol (5 (Jloy Y ulS
(> 003 A% (linebl s 3 &5 (gliS 4 wlosds (a3l 5 Sl (giljl 4 (3390 (b3 slad 5 ik Cos
Ol 40l 0gng ] jro Jolee ooy Sl (sllad o ) oleo agdi y 5k Cond &S ans 3 ol 05 55 (4l
asg Jolie GleMbl jlse yogad ;3 050l odlal aBLlE,l adlls go2iy ool jo Wodiy pl 5l ol o Jud
lagiyy 503 4 Cond Jlite SlMBI Jline g sie g9y 213y sld Jlde sy o Jlaiay Cgllas iz SIS 4
Jis bl s 3 551y Sloj s 59 oloe s e Ll Jlize oM s Sl & s bl 5V

3 S Cowl dags 4SS ol ) fasse (ol (ol e Ll 3505 doul 1y (g i obd) slad Ll WS



ib)chYib)sbc\i'O cdbuw 0Y4

(ot 3 el gl i (ot dlally S padls Cbd) oy JSWiS jolateds Calid (bl p (gabades
bLs)l 58,5 a5 )3 cg) ol ) i conslio Laadgs JSi gl i) capn (b LU &7 ol
S5 Soml an Lalill (S camd (al8l ) Jae 655 slacaplia cosl (Sen @Sl dojiie (oo (d e
Gl 0dds Jols 35 idofy oyl 50 &S (ghea b Jalgss e 53890 (S li Obo,

e S98n JSt5 jolateds 95 3e Jae (sl 3 (WAY) uginis 9 sz Y (izmen 5 (YY) 595 5 02
S5 Ay 3850 103 AV/D linebol e )3 45 03903 ool (oS (St o pd pa3LS eSS
Cldy 58 p St bl aw (imgg cnl )3 0ad Bl (sl o) ool cunlord adld Cb3) 558 0
Caolodls yiol38l 0o )d A U 1) (as s

o sbxl e g (5 e Jloy Yl p e (adld slagiiyy (ol p &5 ABLUES ) adls sbasiy
Ulg5 31 s padge cpl S sl sl b iste Joline 23l G e ys A8 lisebo] g 5 Aitudlgs
OoiRgi Sloj 83k ) slallss (Saaly (sile e g Sloj sl ple Caled pasds ) 3 Sy cnl 538
8Ll )| asls slmgisy S| S g (5 sy ool G S (3 (295 Slanlie 9051 (S 51>
ol Sloj slasyw camlid oriw )3 LadSus) cnl ookl (5)leds o oo (Ui 1) (6550 & ol
S (03 o] ABLE )| (padll (658 3 See (Dbl slayline 53 5yl

(0a3lS sy iy JSis 9 ganadss) Jol Al po Joo 5 Calid iomi glajadls cuabalpis (o)
Mo 0351 Ly jlone jlade drwlre jolateds epgs dlpo Jho )3 uib)ly iy sla e Sl odlatul (pimen

i (e Sl sbiingy sl i olsis 4 bt

&bo

SRP L) Cadgioe (5855 Jla3 1 L boles 3lsl eygr pa3LE (2b3y (WWAB) Lo e 590 50l $LLS ¢ g0 )8" $3gmie (6 el
Ne0= AY (V)0 (ol lopn il 6l K S Ko > 5,505 5l eolawl b

Ol o Sl b iy ()L lo pus Cg prdo AYAF) L jaant (8L LS, 2]y

6)Sullyd w6 S 5l eolawl Ly jasls ol aiuwe o L(IYAY) donlo ¢ glghum € oimodomw ¢ £31mmw ¢ paandumw ¢ g3loew
MY WO )Y qop Sl 5 pdige Copde b b p)S (oS 5

(5L S5y J odlial Ly asblysguay pasli 5 pas L (s, (IV9F) (e ol gl f s odljonid 1L slidge
XVFXOV (TNA (o Cliion . Siuen g (Seililen

S5 Jiee okl L padls 0l ol (silodinge (WWAF) jusl dadmo dw (ool 1008 95 om0 £

Ihler sl copds 5 Jo (modige - Olt6 lae Byl sz SIS €85 00 (a3 lS Gy ol sl
AYE SN0 (YE)



oY+ Ol o2 5 (g0 [ (guaiigh D e OleMb] § Yguls 1 (Ko (Nmod ol s 3 51,)8

A L el ite plew (o8 JoSits ) gl (cilodins 5,095 3,8 (WAF) )8 (A5 Sdmas €y 50 M8
PE YD (VWY o o i ol s,y 55,5

il sla il o (Stunly Sl 2929 b Sy (50 50 (05)] 3591 (WY 2l e Sl 1L a3l i 55ltS

References

Alexander, G., Baptista, A. (2010). Active portfolio management with benchmarking: a frontier
based on alpha. Journal of Banking & Finance, 34(9), 2185-2197.

Amiri, M., Karami, Sh., Naserpour, A. (2107). Tracking Stock Exchange Index with
considering the limitation of loss aversion with using the new approach of Big Bang —
Big Crunch. Investment Knowledg, 5(19), 83-105. (in Persian)

Beasley, J., Meade, N. and Chang, T. (2003). An evolutionary heuristic for the index tracking
problem. European Journal of Operational Research, 148(3), 621-643.

BenTal, A., EIGhaoui, L. and Nemirovski, A. (2004). Robust optimization. Princeton University
Press.

Berndt, D. and Clifford, J. (1994). Using dynamic time warping to find patterns in time series.
Proceedings of the 3rd International Conference on Knowledge Discovery and Data
Mining, July 1994.

Bertsimas, D. and Sim, M. (2004) The price of robustness. Operations Research, 52(1), 35- 53.

Bertsimas, D., Thiele, A. (2006). Robust and data-driven optimization: modern decision-making
under uncertainty. Tutorialsin Operations Research, 4, 95-122.

Chen, C. and Roy, H. (2012). Robust portfolio selection for index tracking. Computers &
Operations Research, 39(4), 829-837.

Clarke, R., Krase, C. and Statman, M. (1994). Tracking error, regret and tactical asset
allocation. The Journal of Portfolio Management, 20, 16-24.

Coridli, F. and Marcellino, M. (2006). Factor based index tracking. Journal of Banking &
Finance, 30(8), 2215-2233.

Cornuegjols, G. and Tutuncu, R. (2005). Optimization Methods in Finance. Carnegie Mellon
University.
Dose, C. and Cincotti, S. (2005). Clustering of Financial time series with application to index

and enhanced-index tracking portfolio. Physica A: Satistical Mechanics and its
Applications, 355(1), 145-151.

Embrechts, P., McNeil, A. and Straumann, D. (2002). Correlation and dependence in risk
management: properties and pitfalls. In Risk Management: Value at Risk and Beyond,
Cambridge.

Erdogan, E., Goldfarb, D. and lyengar, G. (2004). Robust portfolio management. CORC
Technical Report TR,” Columbia University.



£ 5 )losd YT )95 N E v+ ¢ Jlo Ooligiog o)

Eyvazloo, R., Shafizade, M. & Ghahremani, A. (2017). Index Tracking and Enhanced Indexing
Using Co-integration and Correlation Approaches. Financial Researches, 19(3), 457-474.
(in Persian)

Fallahpor, S,. Tondnevis, F., Hashemi,. M.A. (2016). Index tracking portfolio optimization by
robust sigle factor model based on 50 more active company index of TSE. Financial
Engneering and security Management, 6(24), 115-134. (in Persian)

Fallahpor, S. and Tondnevis, F. (2015). Application of an optimization model for constructing
an index tracker portfolio and considering the uncertainty of model parameters by using
of robust optimization approach. Financial Researchers, 17(2), 325-340. (in Persian)

Focardi, S. and Fabozzi, F. (2004). A methodology for index tracking based on timeseries
clustering. Quantitative Finance, 4(4), 417-425.

Garcia, F., Guijarro, F. and Oliver, J. (2017). Index tracking optimization with cardinality
constraint: a performance comparison of genetic agorithms and tabu search
heuristics. Neural Computing and Applications, 30, 2625-2641.

Gilli, M. and Kellezi, E. (2002). The threshold accepting heuristic for index tracking. In
Financial engineering, e-commerce, and supply chain. Kluwer In: Pardalos P,
Tsitsiringos VK, editors.

Jeng, Y., Lee, C.J, and Tzang, SW. (2013). Application of a multifactor model in enhanced
index fund: Performance analysis in China. Emerging Markets Finance and Trade, 49(4),
163-183.

Keshavarz Haddad, Gh., Heyrani, M. (2015). Estimation of Vaue at Risk in the Presence of
Dependence Structure in Financial Returns: A Copula Based Approach. Economic
Researches, 49(4), 869-902. (in Persian)

Kharoubi, C. and Maurer, F. (2013). Copulas In Finance Ten Years Later. Journal of Applied
Business Research, 29(5), 1555-1566.

Konno, H. and Wijayanayake, A. (2001). Minima cost index tracking under nonlinear
transaction costs and minimal transaction unit constraints. International Journal of
Theoretical and Applied Finance, 4(6), 939-958.

Markowitz, H. (1959). Portfolio selection: efficient diversification of investments. Yale
university press.

Meade, N. and Salkin, G. (1989). Index funds-construction and performance measurement. J.
Opl Res. Soc., 40, 871-879.

Meade, N. and Salkin, G. (1990). Developing and maintaining an equity index fund. Journal of
the Operational Research Society, 41(7), 599-607.

Meihua, W., Chengxian, X., Fengmin, X. and Hong, X. (2011). A mixed 0-1 LP for index
tracking problem with CvaR risk constraints. Annals of Operations Research, 196(1).
DOI:10.1007/s10479-011-1042-9

Mrkowitz, H. (1952). Portfolio selection. The journal of finance, 7(1), 77-91.



oYy Ol o2 5 (g0 [ (guaiigh D e OleMb] § Yguls 1 (Ko (Nmod ol s 3 51,)8

Patton, A. (2007). Copula-Based Models for Financial Time Series. Handbook of Financial
Time Series, University of Oxford.

Raei, R., Pouyanfar, A. (2006). Advanced Investment. Samt publication. (in Persian)

Rohweder, H. (1998). Implementing stock selection ideas: does tracking error optimization do
any good? Journal of Portfolio Management, 24(3), 49-59.

Roll, J. and Ronald, D. (2002). Optimal benchmark tracking with small portfolios. Journal of
Portfolio Management, 28(2), 9-33.

Rall, R. (1992). A mean/variance analysis of tracking error. Journal of Portfolio Management,
18, 13-22.

Roy, K., Dexiang, W. (2016). Factor-based robust index tracking. Optimization and
Engineering, 443-466.

Rudd, A. (1980). Optimal selection of passive portfolios. Financial Management, 9(1), 57—66.

Rudolf, M., Wolter, H.J and Zimmermann, H. (1999). A linear model for tracking error
minimization. Journal of Banking & Finance, 23(1), 85-103.

Saant’ Anna, L. R., Filomena, T.P. and Cadeira, JF. (2017). Index tracking and enhanced
indexing using cointegration and correlation with endogenous portfolio selection. The
Quarterly Review of Economics and Finance, 65, 146-157.

Saant’ Anna, L.R., Filomena, T.P., Guedes, P.C. and Borenstein, D. (2017). Index tracking with
controlled number of assets using a hybrid heuristic combining genetic algorithm and
non-linear programming. Annals of Operations Research 258, 849-867.

Sgjadi, S., Sgjjadi, S. and Sabzevari, M. (2016). Index tracking problem solving using
metaheuristic firefly algorithm”. Engineering management and soft computing, 1(1), 125-
143. (in Persian)

Sharpe, W. (1963). A simplified model for portfolio analysis. Management science, 9, 277-293.

Sklar, A. (1959). Fonctions de repartition a n dimensions et leurs marges. Publication de
Institut de Statistique de Universite de, Paris.

Song, P.X. (2000). Multivariate dispersion models generated from gaussian copula
Scandinavian Journal of Statistics, 27(2), 305-320.

Stulajter, F. (2008). Introduction to copula functions and their application in portfolio and risk
management. VSB-TU Ostrava, Ekonomicka fakulta, katedra Financi.

Wanderlei, L., Estela, M., Oswaldo, L. (2016). Enhanced index tracking optimal portfolio
selection. Finance Research Letters, 16, 93-102.

Wang, X., Mueen, A., Ding, H., Trgcevski, G., Scheuermann, P. and Keogh, E. J. (2013).
Experimental comparison of representation methods and distance measures for time
series data. Data Mining and Knowledge Discovery, 26, 275-309.

Yao, D.D., Zhang, S., Zhou, X.Y. (2006). Tracking a financia benchmark using a few assets.
Operations Research, 54(2), 232-246.



