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MOTIVATION

* De Cea & Fernandez (1993)

Implement congestion effect in boarding process

Introduce the concept of effective frequencies

Only work based on routes

Semi-congested models

\arious approximations
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INTRODUCTION

Trip Generation

Trip Distribution

Mode Choice

How many trips
are generated?

Where do trips go?

What travel mode is used
for each trip?

What is the route of
each trip?

« Combinatorial nature of the problem

¢ Other Ig'qrenrrgr!%rlntalr?FBRT Centre of Excellence
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TRIP CHARACTERIZATION

= [tineraries * Routes = Hyperpaths (Strategies)
A X B
L1 @ @ @ — (O @ f
L2 O O O o— ® ® f
5 e e T
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TRIP CHARACTERIZATION

= |tineraries = Routes
A X B
L1 t ‘ . .= ......... . fl
L2 o o\‘. f,
e o o
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TRIP CHARACTERIZATION

= ltineraries = Routes = Hyperpaths (Strategies)

A’,*”——__;—_—--~~~“~~\ B
LI e—@ O O—— =
L2 O 0( o\‘o f,
5 e . o &
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TRANSIT ASSIGNMENT MODELS

Approach Definition Authors (year)

Schedule based Rely on schedules Liu et al. (2010)

Frequency based Don’t rely on schedules Fuetal. (2012)

Approach Definition Authors (year)
Dijkstra (1959)

Deterministic All-or-nothing assignment Chriqui & Robillard (1975)
Spiess & Florian (1989)

: et : Dial (1971)
Stochastic RUM: Split over alternatives McFadden (2000)

Approach Definition Authors (year)
Dynamic Sequential Poon et al. (2004)
Simulation Cats & Hartl (2016)
Equilibrium No user can change routes Wardrop (1952)
d unilaterally . De Cea & Fernandez (1993)
09 June 2020 DeHemantStman|-BRHCentreoi-Excellence 3
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USER EQUILIBRIUM

=  Transit networks

- No user can change their paths unilaterally

o All used paths in the network - same cost —a OD
o Unused paths must have higher cost

N c{1,2,3} Lc{L1,12L3}

g

Possible paths

Path 1:[(1,2),(L1,L2)] >

> [(2,3),(L3)]
> [(2,3),(L3)]

Path 2: [(1,2),(L1)]
Path3: [(1,2),(L2)]

09 June 2020

[(2,3), (L3)]

Scenario 1 Scenario 2
Ti_3=05 Ti_3 =50
Flows Time Flows Time
2 5 20
3 5 30
0 6 0
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ASSIGNMENT IN CONGESTED SCENARIOS

* Frequency based

Frequency
based

Models Approach
Uncongested Routes (Paths)

Authors (year)
Chriqui & Robillard (1975)

Semi-congested  Routes (Paths)

De Cea & Fernandez ( 1993)

Hyperpaths
(Strategies)

Wu et al. 1994
Nguyen & Pallottino (1988)
Spiess & Florian (1989)

Hyperpaths

Fully-congested < tegies)

Cominetti & Correa (2001)
Gendreau (1984)
Cortés et al. (2013)

09 June 2020
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DE CEA & FERNANDEZ (1993)

= Contributions

- Implement congestion effect in boarding process
- Introduce the concept of effective frequencies
- Only work based on routes

= Limitations

- Semi-congested models
o Only waiting time is a function of congestion
o Flow distribution is a function of nominal frequencies
o In-vehicle travel time is a function of nominal frequencies

- Approximations

o Transit users don’t consider any subset of services
o Effective frequencies are only a function of passing through flows
o Simplify the waiting cost for arcs containing more than one service
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NETWORK TOPOLOGY

W={w=C(~,j): ijeEN,i+j} N c{1,2,3}
W < {(1,2); (1,3); (2,3)} L2 L£c{L1,L2 13}
Scw S < {(1,2):(2,3)}

L,CL

A={a=(sqLg):Sq €S,Ly S L, Ly # O}
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FEASIBLE ASSIGNMENT

Y vt =Y v tTe,  VieNwew
acs; acs;

v,y = flow of passengers from w on section s,
using the set of lines L, € L

T+ = {Tw, if iisthe originof w
wi 0, otherwise
T = {Tw, if iis the destination of w
0, otherwise

657 ={fa€eA:a" =i} @ a€A
- - (Sas La)

0 ={a€A:a

|
o~
—

v, = Z Vaw » Va € A v, = total flow of trips on arc a
wew
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COST FUNCTIONS

w;; - expected waiting time at stop i for service [

f i ViEN,lEL
1 = — l )
l Wil
k
Wi =
T Xeufu
Qier, tsatfat k

c, = lELy “Sq al_l_ ’ Va € A

ZlELafa"'l ZleLafa’fl

. = Qier, tsqifatt T k’ Va € A

ZleLa fati

ts,i- In-vehicle travel time on line [ in section s,

Node a*
represents
the origin
node of
section s,



KEY CHALLENGES

= Asymmetric cost functions

Dier, tsgifati Tk

c, = , Va e A
* ZleLafa"'l

Va a = (Sar a)

( Ob_(Sbm lel,nL,

= Diagonalized cost functions

ZlELa Salfaﬂ(va) + k
Lier, fos Wa)

c,(v,) = , Va e A
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EFFECT OF CONGESTION IN WAITING

Number of passengers
boarding [ in stop i

T

Number of
passengers
passing
through i inl

+ o
e _ _ Vi + Uy
Waiting time: w;; = wy;(p;;) = wy

|

k ow;i(pir)
) - = — L, >
Z-wy(0) f1 : dpy 0
k
fulpu wi (pir)

+ fulpi) - vq
vll - )
aE(SlT'i Zl’eLfil’ (pil’)

o Z fari(Pa+) - Vo

L aEAilZl’ELafa"'l'(pa"'l’),
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VieN,l€ L,

ViEN,lELi
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EFFECTIVE FREQUENCY & SATURATION OF LINES

. . . v
vi-il- _ Z fll(pll) a ’ Vi € N,l = [fi
aesh Lyrer fir'(py)

O = 2 fa+l(pa+l) " Va
i )
aEAilzl’ELa fa+l’(pa+l/)

VieN,l€ L,

Py = 1 z fil(pil) " Va 4 Z fa+l(pa+l) * Vg
== ,
l lel CLES;; Zl’EL fil,(pil’) aEAilZl’ELa fa+l,(pa+l’)

1 v
Dy = — Z fat1(Pa+) - Va ’ VieN,LE€L;
lel aEC’ilZl’eLafa"'l'(Paﬂ’)

Cy =6 VA,

Dr. Hemant Suman | BRT Centre of Excellence

09 June 2020 .
hemantsmn@gmail.com

VieN, €L

20



KEY CHALLENGES

= Cost functions are not only an implicit function of flows

‘D
py = z fari(Pa+1) - Va ’ Vie N, L€ L
lel aEC’llzl’eLafa"'l’(paﬂ/)

= Fixed point solution
1. Setn = O,pl-ol = 0.
2. Compute initial effective frequencies, f;}' < k/w;;(p]}).
3. Compute pli*1 using above expression, with £ and given flows V7.
4. lterate until convergence, obtaining p;;, and the effective frequencies for
the current solution, f;;.

1 fa"’l * Vg )
p-z—z — , VieN,leL;
il ﬁQl [ aecilzl’ELa fa+l’ l

DleL, tsalfaﬂ(va) + k

, Va e A
ZlEL f ar1 (Va)

Ca(Vg) =
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KEY CHALLENGES

= Cost functions are not only an implicit function of flows

D
py = z fari(Pa+1) - Va , Vie N, L€ L
lel aEClel’eLa fa+l’(pa+l/)

1 fo+ _ |
pii(vy) = z bl . ((1 = 2D, + Advy) |, Vie N,l e L;
lel becilzl'ELb fb"'l'
Ad — 1, if a=b,
b0, otherwise

1 fa+l ' Vg .
p-z—z — , VieN,leL;
. lel[ aECilZl'eLafa"‘l’ l

DleL, tsalfaﬂ(va) + k
ZlEL a+l (va)

c,(v,) = , Va e A
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KEY CHALLENGES

= Asymmetric cost functions

= Cost functions are not only an implicit function of flows

=  Number of arcs are combinatorial

Number of arcs = 2£sl — 1
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__i = Solve uncongested problem (f;) = f;) |
'+ AY « Chriqui & Robillard (1975) N

——————————————————————————————————————————————

________________________________________________

n+1 n n n
| v = P a — 7P
mant Suman | BRT Centre of'Exdellencé a + (ya a )44

i+i 0 _ ° __Tl (N i
. |r|"tt|a| pll - 0 R Does Pil f‘lfl-:: k/Wllgpll-) _ :
" SOHON ' converge? * Ac™" < Chriqui (fy) l
(V, c/ln) o c/qn+1 = A" U ATCl+1 I
________ n=n+1,
s | . — i
=1 ; Diagonalize the problem |
NE | [1°¢ order approximation of cost | -
=1 | function, ¢5(Bg+;(Va), Vo)l
D | :
Frank Wolfe algorithm to
No Solution ) | solve the diagonalize problem
Converges? ) | s.t. ) i
Yes Update flows
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__i = Solve uncongested problem (Y =f)

Initial
sglution
(V,A")

\ 4

________________________________________________

A

A 4

converge?

'+ A? « Chriqui & Robillard (1975) | N =7

——————————————————————————————————————————————

* fa < k/wu(p)
« A1 « Chriqui (f})
o cAn+1 = A" U ATCl+1

Does p;;

flows

No

09 June 2020

Frank Wolfe algorithm to
Solution solve the diagonalize problem
Converges? ) s.t.
Yes Update flows
. n+l ._ ,n n__ .n
mant Suman | BRT Centre oﬂExceIIenng ) Ua + a(ya Ua )Zb

Diagonalize the problem
[15¢ order approximation of cost

function, é2(p.+,(va), Va)]

. L
hemantsmn@gmail.com



IMPLEMENTATION

= BPR function

- Waiting time
w :=E+ (vi“2+v§’> VieN,[cL
YR f1Q: '

- Effective frequencies

fiu = k/wy

[ 1
fu=nh 3 v++v(_)n
P\ (Vi T Vi
_1+fl(k>< f1Q >




IMPLEMENTATION

= BPR function

Effective
frequencies

(fi)

Flow split
(i lviy)

Cost
function (c,)

This work

De Cea & Fernandez (1993)

1

vnf) ()

fi

fi

1
1+ £i(g) (m)‘

Using effective frequencies (f;;)

Using nominal frequencies (f;)

ZZELa tsalfa+l n k
ZlELa fati ZlELa fati

;

In-vehicle
time

Waiting
time

ZlELa tsalfl n k n (v;ﬂ + v?*l
ZleLafl ZlELafl lel
In-vehicle Waiting
time time




5-STOP TRANSIT NETWORK

7 min 10 min 8 min '
L1 (O—"(2) ()= () 20N, (5) £y, = 10 bus/h
16 min 16 min
L2 (1) (3) ~(5) fiz =15 bus/h

13 (1 28 min +(5) fua =25 bus/h

O-D(w)| 1-2 1-3 1-4 1-5 2-3 2-4 2-5 3-4 3-5 4-5

T, 0 0 0 350 0 0 100 0 80 70

Dr. Hemant Suman | BRT Centre of Excellence
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5-STOP TRANSIT NETWORK

= This work’s solution

Set of Set of relevant
Sections| services arcs
(s) (Ls) (A)

s, |L1,12,L3

S2 L1,L2

S3 L1,L2

Sa L1

St L1

Se L1

S7 L1

S8 L1

Sg L1

S10 L1




5-STOP TRANSIT NETWORK

= This work’s solution

n:=20
Setof | Setofrelevant |Uncongested
Sections| services arcs Solution
(s) (Ls) (A) Va| Ca Uncongested Solution
{s1,L3} - | 304 - Nominal frequencies
s; (L1213 - | - - Chriqui’s algorithm
Sz | L1,L2 | {s,, (L1,L2)} - | 188
S3 | L1,L2 | {s3,(L1,L2)} ~ 1192
Ss | 11 |{sall) - [130
Ss L1 {ss,L1} ~ 1 16.0
Se L1 {56 L1} - | 14.0
$7 L1 {s7,L1} - | 16.0
Sg L1 {sg, L1} ~ 1310
So L1 {59, L1} — | 240
S10 L1 {s10,L1} ~- 1340

Dr. Hemant Suman | BRT Centre of Excellence
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= This work’s solution

5-STOP TRANSIT NETWORK

n=0 n:=n

Setof | Setofrelevant |Uncongested| ... .

Sections| services arcs Solution
() | (L) (A) Va| Ca| Ya | Ca
{s1,L3} — 1304 | 350.0 | 44.4
s |LLE2LS3 s, (2,03 | - | | - | 344
Sz | L1,L2 | {s2,(L1,L2)} - |188| 00 | 188
S3 | L1,L2 | {s5,(L1,L2)} - 119.2| 80.0 | 22.0
S4 L1 {s4,L1} - |130| 0.0 | 130
Ss L1 {ss5 L1} - |16.0| 0.0 | 26.0
Se L1 {se L1} - |140| 00 | 264
S7 L1 {s7,L1} - |16.0| 700 | 354
Sg L1 {sg/L1} - |310| 00 | 310
S9 L1 {s9,L1} - | 240| 00 | 34.0
S10 L1 {510, L1} — | 340/ 100.0 | 44.0

O™ Iteration
Effective frequencies
Chriqui’s algorithm




= This work’s solution

5-STOP TRANSIT NETWORK

n=0 n:=n n=n+1
Setof | Setof relevant |Uncongested Oth Iteration | 1st Iteration

Sections| services arcs Solution
() | (L) (A) Va| “al Ya| € | Va | Ca
{s1,L3} — | 30.4| 350.0 | 44.4 | 184.3 | 40.7
s1  |LLL2,L3] (s5,,(L2,1L3)} - | - — | 344 | 165.7 | 35.9
{s1,(L1,L2,L3)}| - | - - — - | 354
Sz | L1,L2 | {s2,(L1,L2)} - [188| 00 | 188 | 00 | 204
S3 | L1,L2 | {s3,(L1,L2)} - [19.2| 80.0 | 22.0 | 80.0 | 24.7
S4 L1 {s4, L1} - |13.0| 00 | 130 | 00 | 130
Ss L1 {ss5 L1} - |16.0| 00 | 26.0 | 0.0 | 26.0
Se L1 {se L1} - |140| 00 | 264 | 00 | 273
S7 L1 {s7,L1} - |16.0| 700 | 354 | 700 | 36.3
Sg L1 {sg L1} — [310] 00 | 31.0 | 00 | 310
S9 L1 {s9,L1} — | 240| 00 | 340 | 00 | 340
S10 L1 {510,L1} — 340/ 100.0 | 44.0 | 100.0 | 44.0

15t Iteration
Solve
diagonalized
problem
New effective
frequencies
Chriqui’s
algorithm




5-STOP TRANSIT NETWORK

= This work’s solution

n=0 n:=n n=n+1
Set_of Set of relevant Uncong_e sted Oth Iteration 1st Iteration Final Iteration
Sections| services arcs Solution

() | (L) (A) Va| €a| Ya| € | Va | Ca Va | ‘Ca
{s1,L3} — | 30.4| 350.0 | 44.4 | 184.3 | 40.7 0.0 | 36.6

s; (DL L2,L3] (s, (12,13)} - | - | - | 344 | 1657 | 359 450 | 347
{s,(LL,L2,L3)}| - | - - - ~ | 354 305.0 | 34.7

Sz | L1,L2 | {s2,(L1,L2)} - |188| 00 | 188 | 00 | 204 0.0 | 22.8
S3 | L1,L2 | {s3,(L1,L2)} — [19.2| 800 | 220 | 800 | 247 | ... 80.0 | 26.4
Sa L1 {s4,L1} - |13.0| 00 | 13.0 | 0.0 | 13.0 0.0 | 21.0
Ss L1 {5511} - |16.0| 00 | 260 | 00 | 26.0 0.0 | 34.0
Se L1 {56 L1} - |140| 00 | 264 | 00 | 273 0.0 | 349
S7 L1 {s7,L1} - 116.0| 70.0 | 354 | 70.0 | 36.3 70.0 | 439
Sg L1 {5 L1} - |31.0] 00 | 3.0 | 00 | 310 0.0 | 39.0
S9 L1 {s9,L1} — |240| 00 | 340 | 00 | 340 0.0 | 420
S10 L1 {$10,L1} — 340/ 100.0 | 44.0 | 12000 | 44.0 100.0 | 52.0




5-STOP TRANSIT NETWORK

= De Cea & Fernandez (1993)

Set of Set of relevant
Sections| services arcs
(s) (Ls) (A)

s, |L1,12,L3

S2 L1,L2

S3 L1,L2

Sa L1

Ss L1

Se L1

S7 L1

S8 L1

So L1

510 L1

09 June 2020
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5-STOP TRANSIT NETWORK

» De Cea & Fernandez (1993)0
n =

Setof | Setofrelevant |Uncongested
Sections| services arcs Solution

(s) (Ls) (A) Va| Ca Uncongested Solution

{s1,L3} - | 304 - Nominal frequencies

s |ELE2,L3 - | - - Chriqui’s algorithm
Sy | L1,L2 | {s,,(L1,L2)} - 1188
Sz | L1,L2 |{s3,(L1,L2)} ~ 192
S4 L1 {s4,L1} - 1130
Ss L1 {ss,L1} ~ 1160
Se L1 {se, L1} ~ | 140
S7 L1 {s;,L1} — 1160
Ss | L1 |{ssll} - | 3L0
S9 L1 {s9,L1} ~- | 240
S10 L1 {s10,L1} — 134.0

Dr. Hemant Suman | BRT Centre of Excellence
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5-STOP TRANSIT NETWORK

= De Cea & Fernandez (1993)
n=0 n=n

Set of Set of relevant | Uncongested Oth lteration
Sections| services arcs Solution
(s) (L) (A) Va| Ca| Va | Ca Ot Iteration
{sq,L3} — 1304 3500 | 44.4 - Nominal frequencies
s; |LLL2,L3) s,,(L1,L2)} - | - | - | 356 - Chriqui’s algorithm
Sy | L1,L2 | {s,(L1,L2)} ~ 188! 00 | 188 excluding L3
S3 L1,12 | {s3 (L1,L2)} — 1921 800 | 220 - Find disjoint set of
Sy L1 {s4,L1} ~ 1130l 00 | 130 services
S5 L1 {s5 L1} - 1160| 00 | 26.0
Se L1 {se L1} - |140| 00 | 264
S7 L1 {s7,L1} - |16.0| 70.0 | 354
Sg L1 {sg L1} - |31.0| 00 | 310
Sg L1 {s9,L1} —- | 240| 00 | 340
S10 L1 (510,11} ~ 1340/ 100.0 | 44.0

Dr. Hemant Suman | BRT Centre of Excellence
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5-STOP TRANSIT NETWORK

= De Cea & Fernandez (1993)

n=0 n:=n n=n+1

Sections sjre\:isgs Set o;rfslevant Unscglrl:?i((a)s;ed Oth Iteration 1st Iteration Final Iteration
) | &) (A) Va| Ca| Va| € | Va | Ca Ya | Ca
{s1,L3} — | 304 | 350.0 | 44.4 | 206.9 | 38.7 205.9 | 38.6

s;  |LLLZL3| (s, (L1,L2)} - | = | - | 356 | 1431 386 1441 | 38.6
Sz | L1,L2 | {sy,(L1,L2)} - 1188| 00 | 188 | 0.0 | 21.7 0.0 | 218
S3 | L1,L2 | ({s3,(L1,L2)} — |19.2| 80.0 | 22.0 | 80.0 | 25.2 80.0 | 25.2
S4 L1 {s4,L1} - 1130| 00 | 130 | 00 | 192 | 7 0.0 | 19.3
Ss L1 {s5,L1} - |160| 00 | 260 | 00 | 322 00 | 32.3
Se L1 {56/ L1} - |140| 00 | 264 | 00 | 329 0.0 | 33.0
S7 L1 {s7,L1} - | 16.0| 700 | 354 | 70.0 | 41.9 70.0 | 42.0
Sg L1 (s L1} - |31.0| 00 | 31.0 | 00 | 37.2 0.0 | 37.3
S9 L1 {so, L1} — |240| 00 | 340 | 0.0 | 402 0.0 | 40.3
$10 L1 {510, L1} — | 34.0| 100.0 | 44.0 | 100.0 | 50.2 100.0 | 50.3




5-STOP TRANSIT NETWORK

= Cost
This work De Cea & Fernandez (1993)
_ SEt_Of Set of relevant Solution Flow distribution Solution Flow distribution
Sections| services arcs
(s) (Ls) (A) Va Ca | Vi1 Vo V3| Ya Ca | Vi1 Vpz Vi3
{s,(L2,L3)} | 450 347
{s1,(L1,L2,L3)}| 305.0 34.7
510 |L1,L2,13] g 133 205.9 38.6
{s1,(L1,L2)} 144.1 38.6




5-STOP TRANSIT NETWORK

=  Flow distribution

This work De Cea & Fernandez (1993)

Sectione S;Q’re\:isgs Set O;rces'e"a”t Solution | Flow distribution | Solution | Flow distribution

(s) (Ls) (A) Va Ca | Vi1 Vo V3| Ya Ca |Vl Vpz Vi3
{s1,(L2,L3)} | 450 347 19.0  26.0
{s1,(L1,L2,L3)}{305.0 34.7 | 80.0 96.0 129.0

1| LLL2 L3 13) 206  38.6 205.9

{s1,(L1,L2)} 144 386 | 626 815

Total Flows 80.0 115.0 155.0 62.6 815 205.9

Total Flows 279.0 166.0 155.0 260 134 205.9

09 June 2020 Dr. Hemant Suman | BRT Centre of Excellence 39
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4-STOP TRANSIT NETWORK

25 min
7 min 4 min > 4 min
X "
6 min y 10 min

Transit network example (Spiess & Florian, 1989; De Cea & Fernandez, 1993)

L1 — 10 bUS/h
fLZ =10 bUS/h
ng — 4bu5/h

fra = 20 bus/h



4-STOP TRANSIT NETWORK

Mild Congestion(n =1, =10) T,_g =100

L2

This work

L1
L3 L3
<
Y B
L2 L4

De Cea & Fernandez (1993)

VL1 52.5

A-~B A-B
Yan)iz :%@3) L34 47.5
y
Vp3: 10.3

VinpoLe: 57

A4 -p
Yay)io:43
y

A —-B .
V(yB)L3,La’ 4

V- 36




4-STOP TRANSIT NETWORK

= Mild Congestion(n =1, =10) T,_zp =100

Set of relevant This work De Cea & Fernandez (1993)
arcs , ,
(A) Va | Cq |Cp | Va | Ca | Cp | Ca Cp
(A—B(L1)} |525]363|863|57.0]367 36.7 | 36.7
A — (1.2 475 | 23.8 43.0 | 23.3 23.3
A-yl2)} 36.3 35.7 36.6
() — B(L3,14)} | 475 | 125 43.0 | 12.4 13.3
_ 0.0 | 17.7 0.0 | 173 17.3
el 40.7 40.3 40.3
(x— B(L3)) 0.0 | 23.0 0.0 | 23.0 23.0
x—y(L2,L3)) | 00 | 114 0.0 | 113 12.8

Cq & cp: Estimated using THIS WORK’’s cost functions

cq & cp: Estimated using De Cea & Fernandez cost functions




4-STOP TRANSIT NETWORK

High Congestion (n =1, = 20) T4,_p = 240

L2

This work

L1

L3

L2

L3

L4

De Cea & Fernandez (1993)

A -
U(A,B§L15 131

A-B _
y
V,4:29.4

A

B

A-
Viami: 140

vél PRI 94 A—B
J/)L%v(yﬁ)w’m: 94
y [ ——




CONCLUSIONS

- Fully-congested models
o Waiting time
o Flow distribution fur
o In-vehicle travel time

- Addresses three key challenges
o Asymmetric cost function
o Cost functions — not only implicit - V
o Combinatorial

- Implications of the work
o Disjoint sets of services — yield higher cost
o Semi-congested models: not in equilibrium
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iMuchas gracias!

Bueno, eso concluye mi presentacion de hoy. Muchas gracias
por su amable atencion. Ahora preguntas por favor pero solo
en ingles.

¢ Preguntas?
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