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Introduction

Stochastic activity generation

KXRICFASN 5178, FHIASHLWERRETOECADRER.

BALEEPaRPEOHELE W EMEEGIRRIcER L& =,
AT 1—)DEEZE NSNS,

LU, TNMEEEZBARNICER TS EIEETETILOEME EGTER
M ICDEND, Z<OT7L Ny TREFILTIEEREIN TR
M-z,

TEBREMBTRREE LT, EHOMDPHEEZD,
— ERETEMBE (Stochastic Programming) TER{L



Network Representation

Probability: p,

pi=1

: Deterministic activity

O<p, <1

Activity duration

S . . .
TW, Time window : Stochastic activity

Travel time & cost:

Lj Travel time
j

f5:C; o B | PSP =l
. Stochastic activity
SHENEM: A{i=1,...,n} Network: G=(N,E)
SEESET: PT={l,...,n} JEm(vertex): N=P"UP U{0}U{2n+1}

P ={n+1,...2n}  iO(edge): E={Gj):i,jEN,i=j}



Model Formulation

Optimization
RERT IV 2—ILEH

Yuw&EN,vE V] o —RuhSwAETEVABE LS, ZRLA0

uw’

X, =|H: YuwEN,a€EN| . /—rubswABAaHBELEST, ZHA0

T.Vuerp i oEBuomE
E{LERE (EENRARKEHERE)
min E. Z(X,,&) (1) s.t.

where,
E=(E) :pi<1o&E1, znso (MEFEZEZ)



Model Formulation

Constraint set

(I) Spatial Connectivity and Temporal Constraints on Vehicles Y, +d,— Y, <M(1—X%), VueP, weP', veV, (26)

Y Y X%, =0, VoeV, (17) Y,—dy,_,—Y,<M(1-X} ), YueP,weP ,veV, (27)
wen{’,ueP "
Yo+d,—Y,<M(1-X2), YweP*, veV, (28)
Z Z X' =1, YueP?, (18)
veV weN uw YO:O’ (29)
S
Y X%, — Y X5,=0, YueP,veV,  (19) 0=Y,=D\, VueP, (30)
weN weN T,+S,+t, —T,<M(1-X2%), Yu,weP,veV, (31)
> Xg<1, VveV, (20) T, 48,4+, ~T,>~-M(1-X?,), Vu,weP,veV, (32)
weP+
T+t —T,<M(1-XJ,), YueP', veV, 33
Z X:,Z'H_l S 1, Vve V, (21) 0 Ou u — ( XOu) ( )
ueP- Ty +t5,—T,>-M(Q1-Xj,), YueP*, veV, (34)
X5, =Y X2 ,u=0, YuePt,veV, (22 T, + Sy + ty,ons1 — Tppn <MQ =X 5,01),
weN weN YueP,veV, (35
X:w=0 or l, Vu,weN,veV, (23) Tu+5u+t3,n+u5Tn+ul VueP",veV, (36)
Xow+Xeu<1, u,weN,veV, (24) a,<T,<b, VYueP, (37)
X?, =0, YueN,veV, a=<Ty <b, VveV, (38)
X5, =0, YueP ,veV, .
x° 0 v N v A1 =< T2n+1 = b2n+1/ Voe V/ (39)
=0, ueN,veV,
. (25) Y X Y X <Be (40)
XZ,2n+l =0, VYue P+, veV, veV ueN weN
X31.=0, YuePt veV, Y3 WX, <Bf, VYveV, (41)
! ueN weN
Xniwu=0, YuePt veV,

where M is a large positive number.



Model Formulation

Constraint set

(II) Constraints on Household Members

Z ZH,‘,"I,,:O, Vaen,
wey ueP
> >t HE, <Bf, Yacn,
ueN weN
> Y Hi, =1, VueA,
aenweN
Y Hg, — Y HZ YueP, acny,
weN weN
> Hi<1, Vaen,
weP+
> Himn < Vaen,
ueP-
Z Z wn+u Vu€P+'a€7"
weN weN
H;,=0o0r1l, VYu,weN,acn,

H; +H;, <1, u,weN,acn,

Hy,=0, VYueN,aen,
H§, =0, VYueP ,aen,
H{,=0, VYueN,acn,
Hy2,,1=0, YueP' acn,
H3.1,=0, YueP, aen,
Hy,.=0, VYueP' acn,

(42)
(43)
(44)
(45)
(46)
(47)
(48)

(49)
(50)

(51)

Tu+su+t3w_TwSM(1_H:w)
Vu,weP,aecn, veV, (52a)
-T,>-M(1-Hy,)
Yu,weP,acmn,veV, (52b)

T,+S,+t,

uw

'I-E)a+tgu_Tu SM{(I—H&‘)-{-(I— Z X:m)—Xgu}
weP—
YuePt, aen,veV, (53a)

T+, -1,z -Mla-Hy+ (1- T x2,) -3,

weP—

YuePt, aecn,veV, (53b)

TC!

2n+1

wons1) (1 - le:m) - X:,2n+1}
weP

YueP ,aecmn, veV, (54)

T, +t

u,2n+1

<M{(1

ay<Ty <by, aen, (55)

<b§,.,, aen. (56)



Model Formulation

Constraint set

(ITI) Vehicle and Household Member Coupling Constraints (IV) Nonnegativity Constraints on Decision Variables
> HY =) XJ, YueN,weN, (57) X?,>0, u,weN,u#w; H >0, VYu,weN,acn;
a %4
o T,>0,ucP; Ty>0,YoeV; (60)

Ty — Ty <M[(1—Hg,) + (1—X3,)],
YueP',aecn,veV, (58a)
Ty — Ty = -M[(1 - Hg) + 1 - X3,)],
YueP', acn,veV, (58b)
Ty — Thpy <M[(1— Hy 5pi1) + (1= X5 001)]
YueP ,aen,veV, (59)
Toe1 — Tipsr = —M[(1— Hy 1) + (1= X5 001)]
YueP ,aecn,veV. (59b)

T5,,>0, VoeV; T#>0,T%,,>0, Vaen.



Model Formulation H

* (fH/E) HMESSETIHIERE : Stochastic Programming

SP): minz=c¢'x

s.t. T(&)x=h(§) — BIREICERT R ESD
Ax=b,x=0

LMETERE: Y d—X (BEHK) BE

(SLPR): minE. {c'x+Q(x,£)}
st. Ax=b,x=0

0(x,§) =min{q y(&) I Wy(§) = h(&)-T(8)x,y(§) = 0}
BEERCBREREHML, 2BEHERNEE LTERL




Model Formulation

Recourse actions

SHEE D DSEEETICL B IR M E, BETHICLHIEE

TFEDEE - ARITHITER. INTERIT S & FHE
DEENDEM - RO L&) ) IcBBLTETILEZHE

(*1

)JFor example: a survey in Clark and Doherty (2009)

SREDIENN (214, 48.3%) o
SEBEIOED 8 (65, 14.7%) 63 A)

SEEIFRRREZI DR (74, 16.7%)

SRR TR DFAEE (38, 8.6%)

SEEIFR - T RZIOFAE (36,8.1%)
(BFIDZEE (E1I H 0.03%)

Probability: P,

pi=1

: Deterministic activity

0<p, <l

: Stochastic activity

Po =Dopu =1



Model Formulation

Two-stage framework
BE{LEE REwSpHERE)
minE.Z(X,,§) )
UI1—X CEENFAE) JRXRNEZERDLSICER.

Q(XZ) = ESQ(X,-,E) (la)

2z P& ET IR RE

min E.Z(X;,&) = min {C(X,) + O(X,)} (1b)




Model Formulation

Two-stage framework

2EZPESTIEIMEEE -

min E.Z(X,,&) = min{C(X,)+0(X,)} (1b)

ERFE()  NMEEEDODRWVRRETORBERAT V21—V
minC(X,)
ERPEEQQ) : TNHERME (FEXZH E ) TTOBRBYRATY21—YVY

minE.Z(X,,§) (1c)
Fi&




Model Formulation

First stage optimal activity/travel schedule

ERFE() - NEEEDOBRWRE TOREAT Y2 —YY VT

CX)=A Y Y Y tr, Xo+A Y ¥ Yo, Xo, (@)

veV ueN weN veV ueN weN

Apshy, BHINGA—5 (B, JZN)

AT a—ILEH :

Yuw& N,vE V] - RuhSwAETEVABE LS, 20

uw’

Xi= uw’VMWENaET/ /= RubSwABAadBEILics1, FnlH0

T,Yuer | EBuoBmE



Model Formulation

Expected disutility function
ERPE(Q2) : THEEMET TIRRDKSICKRD

EZXE) =2, Y X Y Doyl Xoy ¥ 2. 3 > Y Py X,

veV ueN weN veV ueN weN (3)

v

Doy i/ —Rub SwAERVHEEBE T ZREE
BEZTH &5 OINTORREOHAGLOEZERT D2HENH D

AT a—ILEH :

Yuw& N,vE V] - RuhSwAETEVABE LS, 20

uw’

Xi= uw’VMWENaET/ /= RubSwABAadBEILics1, FnlH0

T,Yuer | EBuoBmE



Model Formulation

Expected disutility function

Pl J—Ruh SwABETVHIEEBRET 2R | BEZ L,

- EERNGERAT TCORBRT V21—l X, [FKRE>TWS.

T" EEvA SN/ —R (EE) 0ES

i Y
[V -EEvhEIN / — RO (home IEER<)
— T D ./ — K ZRelabel :
T =iy, 0 senlnnly b (g ="0"0) ="2n+1")

i,: -EBWmvAKEE ICEih e/ —R



Model Formulation

Expected disutility function

1%

D, : /— Ruh SwAEBVAEERE T 2R EZ TN,

— 7D ./ — K%ZRelabel (5l)

% N
T = [ \
/,\K4 I*—_—
non ( 5 /"/
{i, ="0", NI g
U= gy ngn v g /
="2", 3", ="1", N
="A" P ="J" =G L
4050 ="5" i ="6", .

g Ty



Model Formulation

Expected disutility function

1%

D, : /— Ruh SwAEBVAEERE T 2R EZ TN,

Hivhsinic/ — R (CEE) O&S

T =iy, 0 seeslysly ) (i ="0"7" ="2n+1")
HIF A b~ -
u=1* w=1*+1 u=1* w=1*+1
E2x, 82,33 S A n3S S AL
veV u=0 w=u+l veV u=0 w=u+l ()

EZXu8) =2, 2 X Y o lon Xou 45 > > Y Py e (3)

veV ueN weN v&eV ueN weN



Model Formulation

Expected disutility function

P =0 if{iy, ig) g7, (62)

-27 i =O .f > , 6b

o1 ) iuls if i2 =i +n; ; Piz, i if u>w (6b)

T = {ll, ZU}, o.t.w; ( a) ﬁi’%%:O if ll=0, w=l"+1, (6C)
={refu+1,...,w-1}): il <n}, (5b) o =0 if3hefutl,... w=—1)

Sip=ip+n, u=>1, (6d)

P w=0 if3ke{u+l,..., w—1}
Sip=ig+n, u>1; (6e)

ﬁ’%’,i}{, = nhe‘rf,';l,l pi,‘; l_[re-r,mz(]' pl") I—[kerﬂuB(l P, )

otherwise. (6f)
p.=[]r. T1a-pp []0-p)

hET,, ret,; ker)?
uwDEDJEEIN IR TF v LS N BHHEEK

va3={r€{ll+1,...,w—1}: i'>n+1, i =il +n,
re{d,...,u=1):u—-1=<n}}. (5¢)

u=l* w u=l* w

EZ(X,.5)= 2 EEE +AEEE ¢,

vEV u=0 w=u+l vEV u=0 w=u+l (4)



Model Formulation

Time window violation
e FESINTWEFFNF VY UEIL > AT Va—)LiIcThHED S,

Time window ICX T 2 BN/ FEWVWRIBEDRFILT 1 &
SHEINEITEIN, JHEIRBERZN t TH DEXRICHKTE

2" (i',1) = Pr(TiXV =1 Rifv =1) &)
u=w-1
— ",t-t,,=S,)D. .,
=0 ° wi o P (w=1) ©)

T, :Esmmhe R, =

w w

(7)

0 if 558 i PETShBDSKIBE
1 &8 @ pEFINES



Model Formulation

Time window violation

EHIMETS N, HEIFRBRZID t TH HMESK
gv(l.:;,l‘)=PI'(7;v =l‘|Riv =1) (8)

XaH5EFRICEERIEBWET S

1 t=T/,

viv,t —
g (iy,1) \0 (=T 10)

I, :szEsppsmn R, =

w lW

(7)

0 if E8 i BEFEINEDSBE
1 &8 @ pEFINES



Model Formulation

[a;,b;] : Time window
LT, :Latest potential starting time

Time window violation

N TS ET : Earliest potential starting time

[ !
EE 2 w8 () (t=D,) (11a)
veV w=l t= b

BEtEEXRFI T«

> E E pe 8 (0,,0) (@, 1) (11b)
v&eV w=lt= ET

SHEINEITIN, JEEIABEXIN t ThIMEX . Time window:

8'(i,,)=Pr(T, =tIR, =1) 8)



lllustrative Example

BELGHTIEREZERT 2ERZE R D,

tV

Variable Variable set
Household members n=1{1}
Available vehicles =1{V;}
Out-of-home activities A=1{1,2,3}

Activity durations

Time availability windows

Return-home windows

Initial departure windows
End-of-day windows

Travel cost budget
Maximum number of sojourns in
any tour

S=[sy,5,,85] =[1.5,1.0,2.0]
14.00 24.00
[a;, b]= | 16.00 16.15
14.00 24.00
14.00 24.00
[an+i1bn+i]= 1400 2400
14.00 24.00
[a2, be] =[14.00 16.00]
(35,1, b5,,4] =[14.00  24.00]

B} =8.00
D=4

To To
From 0 1 2 3 From 0 1 2 3
0 000 050 0.15 0.60 0 000 100 030 1.20
1 050 0.00 050 0.50 1 1.00 0.00 1.00 1.00
2 015 050 000 025 2 030 1.00 0.00 050
3 030 050 025 0.00 3 060 1.00 050 0.00

Activity 2 is tightly constrained
by the time window

A, =10
A =00

EE D 1= SO IRAT IR FE OD



lllustrative Example

BELGHTIEREZERIT 2ERZEZEZD.

AV
p'u e

TW, = [14.00, 24.00]

t4, 5= 0.00 Tl = To
T,=21.90 S, = From 0 1 2 3 4 5 6 7
T. = 21.90 \\ f),4=00 0 000 045 040 045 000 000 000 0.0
: P t o 000 000 000 000 100 000 000 0.00
000 005 000 005 000 000 000 0.00
TWs = [14.00, 24.00] » 000 050 000 000 000 000 000 0.00
0o'o 7_000 i T6=21 90

6=
000 000 000 000 000 010 045 045

0.00 000 000 000 0.00 0.00 005 005
0.00 000 000 050

DO B WM =

TW; = [14.00, 24.00]

S; Activity duration
T, =16.15

P=1[PP2>DP3:DP4> P55 D]
=(1.00,0.10,0.50,1.00,0.10,0.50]

TW; Time window

li j Travel time

T; Activity start time

TW, = [16.00, 16.15]

minC(X,)=1.40 = E.Z(X,,E) =130



lllustrative Example

BELGHTIEREZERIT 2ERZEZEZD.

TW, = [4.00, 24.00]

fy 520,00 ‘
\\i\n:zo.os
Tg = 20.05
TW; = [14.00, 24.00]
/76/7-}000 {To= 2005

t56—000 4‘ ‘\

nV
Piy.iw

To

0 1 2 3 4 5 6 7

000 1.00 000 000 000 0.00 000 0.00
000 000 010 045 045 000 000 0.00
000 0.00 000 005 005 000 000 0.00
000 000 000 000 050 0.00 000 0.00
000 0.00 000 000 000 010 045 045
000 000 000 000 000 0.00 005 0.05
0.00 0.00 000 000 000 000 000 050

DO B WN = O

TW, =[14.00, 16.00] TW3 =[14.00, 24.00]

T,=17.75

t2, 3 = 0.25

S;  Activity duration

T;=16.15 TW; Time window

f; j Travel time

T; Activity start time

TW, =[16.00, 16.15]

C(X,)=1.55 . E.Z(X,,E)=1.17



lllustrative Example

BEBH TIEEHZEREIT 2EKRZEZZD.
Pattern 1 Pattern 2

TW, =[4.00, 24.00]

TW, = [14.00, 24.00] e 0 00 Ty 1450
1, 5=0.00 T, =19.90 Z 1= 2005 5, =150
= S, =150 4=
5 2,1'9(1 B T5 = 20 05 { TW, = [14.00, 24.00]
T, =21. 90 NL% TW, = [14.00, 24.00]
wTN £.00] TW,s = [14.00, 24.00]
TW, = [14.00, 24.00] "{» 6 TW, = [14.00, 24.00]
AL
i t31=0.50 -
. 000’67—0m‘i'_T6-2190 > ts5,6=0.00 13,4=0.30
e 4 TW, = [14.00, 24.00] §3=2.00

X TW; =[14.00, 24.00
TW, = [14.00, 16.00] W, =[14.00,24.00 00;16.00] 3=l ]

1, 3=0.25

S;  Activity duration

S;  Activity duration

TW; Time window TW; Time window

f; j Travel time

T; Activity start time

fi j Travel time

T; Activity start time
TW,=[16.00, 16.15] TW, =[16.00, 16.15]

minC(X,)=1.40 C(X.)=1.55
E.Z(X,,&)=130 E.Z(X,,&)=1.17

FHEERIA T TIE, BRIORTYa2a—U > TE0nd UHERETIEGRL



Solution Methodology

L-shaped Method

BERH TIEBREN3 DD, FHETHFIA LS
SHEITDIENTE. Uh L, EROFHREIEEEE (E
REHDIREERD (T U Thd > TIBEEYITIB,

SLPR (two-stage stochastic programming with recourse) D&

EE LT, 22Tl L-shaped method” ZFW3.

L BVEDERNGRZEZ AT, BRBEZAOY I-XJAX =T
R 5988 Toptimal cutsZ i DR T T & TIRA ITIELLLTL
<.



Solution Methodology m

L-Shaped MethOd minz =0+ Q(x, &) (we assume c' = 0)
where Q(x, &) = { § -xifx=< ¢

(*2) Graphical Image: an example - £ ifxs &

We also assume 0 < x < 10

=2 85=1) [ 1 w.p.1/3
x*=2, 0°=
A OPTIMAL OC2 and E={ 2wp.1/3
Q(x)
//3 / | 4wp.1/3
OC 3
5/3 \
4/3 /
1 Optimality Cut (“OC”)
/)< OC4
: 4 10| x
OC 1




Solution Methodology E

L-shaped Method
SZTFEO[ERFTIE, YI—XAXRDEIIBO>TLES.
minC(X,)=140  E.Z(X,§)=130  Q(X,)=-0.10

EFILRICERE > TEWEBWA, FFEEDOAHNIFLPL T L,



Solution Methodology

L-shaped Method
E.Z(X,,§) = min{C(X)+0(X))} (16

UT, BEIZXNOTR CX,) #UTFTTEDS.
YN Poto Xow — 3> YN X,
veV ueN weN veV ueN weN

fu=w+norw=u+n;

uw’

PuPulin* 2 L(p.(-p,) minz, +(1-p,)p, mint,}, otherwise;

COEE, UA—XAXANQIFEICIEE LK D,

O(X,)=C(X,)+0(X,)-C(X,)=0




Solution Methodology

L-shaped Method

U EDEfFzH &IC, L-shaped method DMPZIU T TEERY 5.

Master Problem (MP) :

minC(X.)+7 (13a)

X;,m)

S.t.
Constraint set | : (17) — (60)

Constraint set |l : set of optimality cuts



Solution Methodology

L-shaped Method: Algorithm

Step O:
u=0&9%. MPZHIHAML.
Step 1:

u=u+1&lL, MPZ#E<, MPICENEELLZITNIEStepd, FN
UNDGEISEZ (X', n") Z U, Step ICED.

Step 3:

n=0(X!Y) THNIX, Step 4. FNLUAIE optimality cut ZINZ T
Step 1 ICR 5.

Step 4:
ATERT. X)) ZfEET D,



Solution Methodology

L-shaped Method: Optimality cuts

VPO (X“1") et LT, 1=0X,) %Mk LTWaIFnIZHI
ST T EMZ 3.

Proor. Consider the discrete variable-vehicle

Lt : : Vv flows. Observe that the optimal vehicle flow vector
Q (X X 2n + ‘V‘ + 1 from X¥ to the MP is characterized by E* and that

> Xit=2n-|V|. (16a)
(i,j)EE" ks
Any other solution X} with a different edge set
(1 5) E* #E*, and we further have

XA <o —|V|-1. 16b
ij

{E"=(i,))EE:i,j=0,2n+1and X" =1}

Based on the above argument, for solution X!, the
right-hand side (RHS) of Equation (15) is equiva-

lent to
E Xijv. (max =2n-1) RHS = G(X¥) - (21— |V]| = 2n+ V[ +1) = G(X¥). (16c)
(i,)E EY Th(.ere.fore, we have 1 > Q(XV), and Equation (15) is
satisfied.

. _ w For any solution X} # X, the right-hand side of
(2n —_ 1) . }EE}J*%FEO)’;& (homelg,’% < ) Equation (15) can be written as:

RHS < |Q(X})[-(0+1-1)=0, (16d)
|V| : El_ﬁ D 5;& ? 7P ? and also variable 7 is nonnegative. Therefore, variable

1 must satisfy n > 0 for any feasible solution X?.



Solution Methodology

L-shaped Method: Optimal scheduling

TW, = [14.00, 24.00]

t4 5= 000 Tl = 17.50
; —21.80 5, =150
=21.80 4 QQ« TW, = [14.00, 24.00]
TWs = [14.00, 24. 001»/\) TW,; = [14.00, 24.00]
167-00ﬁ'\1‘6—2180 3=

fs, ¢ = 0.00
T;=21.80 { Tw7 [14.00, 24.00]

TW, = [14.00, 16.00] TW; =[14.00, 24.00]

Ty=19.50

Si  Activity duration
TW; Time window
t; j Travel time

T; Activity start time

TW, =[16.00, 16.15]

C(X,)=145 . min E.Z(X,,&)=1.17



« MEEMETICEFAEFORTY1—Y Y/ mE{CEEZ
EL,

- TERFEETEIRIEE U THESREHEZEM U, L-shaped
method IC & D K.



