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=PFL Matching in ride-hailing

= Total travel time of each passenger trip

t=1,+w+1,+6

Access time 7, =0
= ride-hailing services usually provide door-to-door trips
Waiting time w¢
» determined by the passenger-vehicle matching
Riding time t,, = £ /v,
» estimated by average trip distance £ and vehicle speed v,
» independent of the service type
Stopping time 6 = 0
= Pickup and dropoff times are almost zero

= Q: What are the main factors of waiting time?
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Matching in ride-hailing

= General service region of area A (km?)

= Homogeneous travel demand

* trip origins and destinations are uniformly
distributed in the region

* travelers arrive randomly at rate A° (pax/hr)

= Homogeneous vehicle supply
 a fleet of N vehicles
 serve door-to-door trips
« average vehicle speed v, (km/hr)
* zero pickup and dropoff times
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Matching in ride-hailing

= Vehicle time conservation

N =NV + A(t, + 1) + tg)

N: fleet size (total vehicle time)

NV: vacant vehicles (vacant vehicle time)
A: pickup rate

* t,, tq - time before pickup and dropoff

= Little's law in queuing theory

Q= Aw

* Q: long-term average gqueue length
» A: long-term effective arrival rate A
* w: average waiting time

Q <

Kenan Zhang ~
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Matching in ride-hailing

= Taxi stand
« Matching a at point

= Street-hailing
« Matching along a line

= Radio-dispatch/e-hailing
« Matching over space




=PFL - Matching at taxi stand

= General service region of area A (km?)
» K stands uniformly distributed with
unlimited capacity
= Homogeneous travel demand -

* trip origins and destinations are uniformly
distributed in the region

« travelers arrive randomly at each stand at &
rate A°/K (pax/hr)
= Homogeneous vehicle supply
 a fleet of N vehicles

 serve door-to-door trips and return to the
closest stand after each trip

 average vehicle speed v, (km/hr)
 zero pickup and dropoff times
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Matching at taxi stand "

= Scenario I: Vehicles form a queue Ny at each stand k = 1, ..., K

* Vehicle waiting time
C g ER
Ny e

o .
A% _ ﬁ

= A%: passenger arrival rate

Wy =

closest stand?

-
v ﬁ AC
» Travel time from dropoff location to the N < ﬁ 1 k ﬂ
-

)
=y VAK =

= A: area of service region
= §: parameter related to the region shape
(e.g., 6 = 0.5 for circular region)

[1] Daganzo (1978) An approximate analytic model of many-to-many demand responsive transportation systems.
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Matching at taxi stand

= Scenario I: Vehicles form a queue Ny at each stand k = 1, ..., K
 Vehicle time conservation

N = K[N} + 23 (tp + tg)] »
* Little’s law i 2 a
A N} N < T |
e AN ; TAXI k
Ak K w} a e ﬂ
= r
. Stationary condition C ﬁ
A N NJK —NY e

K—W;(]_ Tb+td

11
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Matching at taxi stand

= Scenario I: Vehicles form a queue Ny at each stand k = 1, ..., K

* Queue length and waiting time at stationary state

= passenger

N =0
wr =0
= vehicle ) 5
" N4 (tp + 5-A/K)

K

N o)
W;{) = F— (’l'b +v—b\/A/K)

Ny <

PERERD _

C “-llﬁ

*
*
’ﬁi%
.
-

8
T

.
’0
*
0. .
L 4
i ﬁll““

=

-
]
L)

£



EPF

B CIVIL-324 Urban public transport systems

L

Matching at taxi stand

= Scenario |I: Passengers form a queue Ny at each stand k = 1, ..., K
« Passenger waiting time

N ot

Wk == g
A ﬁ a

= A%: vehicle arrival rate

 Travel time from dropoff location to the

closest stand? s :
S ﬁ i Js

td - A/K ’¢. N
vb ‘e .
v %
= A: area of service region
= §: parameter related to the region shape
(e.g., 6 = 0.5 for circular region)

[1] Daganzo (1978) An approximate analytic model of many-to-many demand responsive transportation systems.
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Matching at taxi stand

= Scenario |I: Passengers form a queue Ny at each stand k = 1, ..., K
* Vehicle time conservation

N = KA (1t + ty)
& e
- Little’s law H ﬁ N s
NE ki |l
M=—c v AT L

Wi

= Q: How to construct the stationary condition?

14
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Matching at taxi stand

= Scenario |I: Passengers form a queue Ny at each stand k = 1, ..., K

« M/M/1 queue:
» both passenger and vehicle arrivals follow Poisson process

1 1 =

ng = - * *
C * 0‘
A=A Ak =3 ﬁ
s s ~TO
« Vehicle time conservation v : w’i‘ :
k= o
TAXI ¢
N = KAy (tp + tg) Y - . g ..Nk
« Little’s law - =
C .”~ os*
AV = & z ﬁ""‘
v =

Wi

15
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Matching at taxi stand )

= Scenario |I: Passengers form a queue Ny at each stand k = 1, ..., K
* Queue length and waiting time at stationary state

= passenger
C ﬁ am
A (Tb+vb A/K> R ﬁn

cC __ . IS
Ny = i 5 o y "
2 .. o
) ch(rb+%,/,4/z<) ,1”": 'E.\
W = k- :
T Mva(eo 2 yare)| H Y
= vehicle a s
Js
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Matching in ride-hailing

= Street-hailing
« Matching along a line

18



=PrL

B CIVIL-324 Urban public transport systems

Matching in street-halling

= General service region of area A (km?)
* road density p (km/km?)

= Homogeneous travel demand

* trip origins and destinations are uniformly
distributed in the region

* travelers arrive randomly on streets at rate
A¢/(pA) (pax/hr/km)

= Homogeneous vehicle supply
 a fleet of N vehicles
= randomly cruise on streets
 serve door-to-door trips
« average vehicle speed v, (km/hr)
« zero pickup ad dropoff times

19
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Matching in street-hailing ’

= Waiting passenger and cruising vehicle coexist
« passenger queue and waiting time N¢,w°® > 0
 vehicle queue and waiting time NV, w? > 0

@
P
. . . o™e
= ASsume passengers walt at intersections U )

* maximum hail distance d,,,;; (km) along each dv .
direction, which yields a hail region of 4d,,,;; (km) hail
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Matching in street-hailing

= Cruising vehicles distribute on streets at density
Nv

" pA

= Let V(t) be the number of cruising vehicles entering
the hail region up to time t

« V(t) follows a Poisson process with rate
A" = (4dpai) A
 probability that n vehicles enter the hail region
(A"t)"

nl

A'U

P[V(t) = n] = exp(—AYt)

s b

\

dhail

21
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Matching in street-hailing

= Cruising vehicles distribute on streets at density
Nv

" pA

= Let V(t) be the number of cruising vehicles entering
the hail region up to time t

L
« V(t) follows a Poisson process with rate é.;_D.‘ ]l
A7 = (4dnai) A’

 probability that no vehicle enters the hail region

PV (t) = 0] = exp(—A"t)

A'U

= Q: What is the probability of waiting time w¢ = t?

\

dhail
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Matching in street-hailing

= Cruising vehicles distribute on streets at density
Nv

" pA

= Let V(t) be the number of cruising vehicles entering
the hail region up to time t

« V(t) follows a Poisson process with rate
/117 — (4dhail)Av

 probability that at least one vehicle enters the halil
region

A'U

1—P[V(t) =0] =1—exp(—4’t)
= P[w® = t]

= Q: What is the expected waiting time E[w¢]?

s b

\

dhail

23
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Matching in street-hailing

= Cruising vehicles distribute on streets at density
Nv

" pA

= Let V(t) be the number of cruising vehicles entering
the hail region up to time t

o
« V(t) follows a Poisson process with rate é.;_D.‘ ]l
V= (4dnai) "
» w¢ follows an exponential distribution with rate AY
1 1 pA
T AN’ AdpN”

A'U

E[w€]

\

dhail

24
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Matching in street-hailing

= Stationary condition
* Vehicle time conservation

N :Nv+/1CTb

« Little’s law
= pickup rate = demand rate

NV N¢

wv  w¢

2 =

» Expected waiting time
pPA
 4dpa NV

Cc

w




EPF

B CIVIL-324 Urban public transport systems

L

Matching in street-hailing

= Queue length and waiting time at stationary state
* Passenger

ApA
N¢ =
4dpain (N — A1)
C — pA -
4dpaii (N — A°Tp) S
* Vehicle
Nv =N — ACTb
N
wV — Tp

G
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Matching in ride-hailing

= Radio-dispatch/e-hailing
« Matching over space
* Low-demand (radio dispatch)
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Matching in radio-dispatch

= General service region of area A (km?)

= Homogeneous travel demand

* trip origins and destinations are uniformly
distributed in the region

* travelers arrive randomly at A¢ (pax/hr)
* picked up by the closest vehicle
 zero trip dispatch time

= Homogeneous vehicle supply

+ a fleet of N vehicles uniformly distribute
when waiting for trip requests

 serve door-to-door trips
« average vehicle speed v, (km/hr)
* zero pickup and dropoff times
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Matching in radio-dispatch

= Waiting passenger and cruising vehicle coexist
« Passenger queue and waiting time N¢,w® > 0
* Vehicle queue and waiting time N¥, w¥ > 0

= Assume passengers do not have waiting time
threshold

« infinite hail distance dy ,; = o (km)

30



=L Matching in radio-dispatch

= |dle vehicles distribute on streets at density
NU
T A

= Let V(r) be the number of cruising vehicles
within distance r

» V(r) follows a Poisson process at rate
AV(r) = 2nrAY
 probability that n vehicles are within distance r

(for A”(u)du)n
n!

AU

‘e
‘e
G

o
S
R
.
.
----------

P[V(r) =n] =
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Matching in radio-dispatch

= |dle vehicles distribute on streets at density
NU

A

= Let V(r) be the number of cruising vehicles
within distance r

» V(r) follows a Poisson process at rate
AV(r) = 2nr/AY

 probability that no vehicle is within distance r

P[V(r) = 0] = exp (— jrlv(u)du>
0

= exp(—mA’r?)

AU

32
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Matching in radio-dispatch

= |dle vehicles distribute on streets at density
NU

A

= Let V(r) be the number of cruising vehicles
within distance r

» V(r) follows a Poisson process at rate
AV(r) = 2nr/AY

 probability that at least one vehicle is within
distance r

1—-P[V(r) =0] =1 — exp(—mAYr?)

= PlwCv, = 7]

AU

33
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Matching in radio-dispatch

= |dle vehicles distribute on streets at density
NU
A

= Let V(r) be the number of cruising vehicles
within distance r

» V(r) follows a Poisson process at rate
AV(r) = 2nr/AY

« Pickup distance w¢v, follows a Weibull with shape
parameter k = 2 and rate A7 (r)

1

Elw =T

34
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Matching in radio-dispatch

= Stationary condition
* Vehicle time conservation

N = NV 4+ A°(tp + w°)

« Little’s law
= pickup rate = demand rate
NV N°€
cC — —
A= wv  we

» Expected waiting time

1
¢ = — JA/N?
W va /

35
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Matching in radio-dispatch

= Queue length and waiting time at stationary state
* Passenger

NE¢ = A€ A ~ A€ A
2vp A| N=A¢(Ttp+W°) 2vp | N—ACTy
wC = 1 A . 1 A
- 2vp A| N=A¢(tp+W°) - 2vp \| N—AC1y,

* Vehicle

1

*assume NV = N — A°t,,

N”=N—AC(Tb+WC)zN—/1C(Tb+

2v

1

A
b N—ACTb

N N
W”=F—(Tb+wc)zﬁ—(rb

A
_l_
2vp | N—=AC1y

36
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Matching in ride-hailing

= Radio-dispatch/e-hailing
« Matching over space
» High-demand (e-hailing)
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Matching in e-hailing

= General service region of area A (km?)

= Homogeneous travel demand

* trip origins and destinations are uniformly
distributed in the region

* travelers arrive randomly at A¢ [pax/hr]
 picked up by the closest “matchable” vehicle
 zero dispatch time

= Homogeneous vehicle supply

a fleet of N vehicles uniformly distribute
when waiting for trip requests

serve door-to-door trips
average vehicle speed v, (km/hr)
zero pickup and dropoff times
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Matching in e-halling

= E-hailing vs radio-dispatch
 e-hailing is an advanced version of radio-
dispatch

* matching outcomes remain the same when
demand rate is low

* passenger competition emerges when
demand rate is high

40
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Matching in e-hailing

= E-hailing vs radio-dispatch
 e-hailing is an advanced version of radio-
dispatch

* matching outcomes remain the same when
demand rate is low

* passenger competition emerges when
demand rate is high

= Influence of passenger competition
 Density of “matchable” vehicles A™(N?, N€)
= NV: number of vacant vehicles
= N¢: number of waiting passengers

= Q: How should A™ change with NV, N¢?

a1
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Matching in e-halling

= Simple estimate of “matchable” vehicles

« Assume vacant vehicles are uniformly
distribute among waiting passengers

v
ANV N€) =
(N7, N7) AN€
« Expected waiting time
1 |AN¢

]E[WC] = va N

42
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Matching in e-hailing

= Queue length and waiting time at stationary state
* Passenger

ye = X \/ ANC _ A¢ | ane

a 2vp \| N=A¢(Tp+wC) - 2vp\| N—AC1y
e = L AN€ 1 AN€
2vp \| N=A¢(tp+w©) 2vp\| N—AC1y,
* Vehicle

NV =N — 2°(t + w°)

N
Wv=F—(Tb+WC)

*assume NV = N — A°t,,

43
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Matching in e-hailing

= Queue length and waiting time at stationary state
* Passenger

NE — Ac\/ AN® LA |_ane NC — (AC)Z A

- 2vp \| N=A¢(Tp+wC) 2vp \| N—A¢ty, 2vp/ N-ACty
1 ANC 1 | ANc c___ MA
wt = ~ W=7 c
2vp \| N=A¢(1p+W€)  2vp | N—ACT) 4v, (N=ATp)
* Vehicle

o o e ACA
NV =N —2(tp, + W) ~ N — 1 (Tb+4vg(N—/1€Tb))

N N ACA
v — 2V ) ~ 2L
W= e (zp +we) Ac (Tb * 4vf (N—/lcfb))

4
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Ride-halling service design

= Scenario |: One-sided market
» Design variables
= Trip fare p (CHF/pax)
» Fleet size N (veh)

max I[I(p,N) = Ap — cN
p,N

llllllllllllllllllllllllllllllllllllll

s.it. i A°=ga(p,w°) i

L]
lllllllllllllllllllllllllllllllllllll
llllllllllllllllllllllllllllllllllllll

lllllllllllllllllllllllllllllllllllll

* c:unit operation cost ¢ (CHF/veh/hr)

demand sensitivity

matching outcome

46
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Ride-haliling service design

Taxi stand |

Taxi stand II*

Street-hailing

Radio-dispatch*

E-hailing”

* Assume M/M/1 queue

5 |A
N—AC<Tb -'Tb\/;)

we = g, (15 N)

N€ w¢€

0

2 S |A
A K<Tb+vb\/1—(>

0

2
c s |A
A K<Tb+v_bﬁ>
5 [A
. Ay

pA

ApA

4dp a1 (N—ATp)

A4
2'Ub N—ACTb

2\ A
2_17b> N—ACTb

4dp a1 (N—ACTp)

LA
va N — ACTb

ACA
4175 (N — Ac'l'b)

4EEEEEEEEEEEEEEEEEEEDS

# Drop w€ in the right-hand-side of formula of w¢

U EEEEEEEEEEEEEEEEEEENY

NU

N — 2°(z,, +vﬁb,/A/K)

N — ACTb

—)c L /L
N /1 <Tb + Z‘Uh N—/.{C’L'b>

N—/lc[rb +(£)2 2

2vp/ N—-Afty

|

a7

W‘IJ

2= @+ JATK)

- [‘[ +—/1CA ]
26 |0 T avE(N-2c1p)
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Ride-halling service design

= Scenario Il: Two-sided market
» Design variables
= Trip fare p (CHF/pax)
= Commission rate n (%)

max I[I(p,n) =nAp
R

S. t. A° = g;(p,w€) i demand sensitivity

L]
lllllllllllllllllllllllllllllllllllll

llllllllllllllllllllllllllllllllllllllllllllllllll

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

llllllllllllllllllllllllllllllllllllll

lllllllllllllllllllllllllllllllllllll
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Case study

= Street-hailing vs e-hailing
» Suppose a ride-hailing company wish to launch its service in a city
= when does e-hailing provide better service?
» does passenger competition cause a significant impact?

Q
-—-_‘
=i —
I -

=3

‘.5"
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Case study

waiting time w¢ [min]

Passenger waiting time

20 A

15 A

10 -

—— street-hailing

—— radio-dispatch

—— e-hailing

overlook passenger compe

2

Parameters

= service area 4 = 50 [km?]

*= road density p = 0.1 [km/ km?]

= fleet size N = 500 [veh]

= vehicle speed v, = 20 [km/hr]

= average trip duration t, = 15 [min]
= hall distance dy,;; = 50 [M]

Lition

600

800 1000 1200 1400
demand rate A [pax/hr]
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