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Part I – a stylized model

Tactical operations of service region
dimensioning, bundling, and matching for

on-demand food delivery services

With Jintao Ke, Hai Wang, and Yafeng Yin. 2025.
Transportation Research Part C: Emerging Technologies 174,

105069.
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Background and importance

On-demand food delivery tends to be the largest among urban
on-demand mobility services.

OFD users in China reached 43.52%, surpassing
ride-sourcing, the largest in the shared economy1

Number of OFD workers in the US has increased by 3
million from 2018 to 20212

1State Information Center. (2021, February). China sharing economy
development report.

2Garin, A., Jackson, E., Koustas, D., & Miller, A. (2023). The
evolution of platform gig work, 2012-2021. National Bureau of Economic
Research, (w31273)
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Food delivery vs ride sourcing

It is different from ride-sourcing services:

More time slack, because food is less needy than human
passengers

Order consolidation, because food needs less space

Localized service, compared with ride-sourcing
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Related works and contribution

Yildiz and Savelsbergh (2019)3: service area and
equilibrium

Bahrami et al. (2023). (2023)4: bundling and equilibrium

Ye et al. (2024b). (2024)5: bundling and equilibrium
(different physical model)

Ke et al. (2024)6: bundling, equilibrium, and restaurant
preparation delay

This work: Service area, bundling, equilibrium, and
restaurant preparation delay

3Yildiz, Baris, and Martin Savelsbergh. (2019). TR-C, 100, 177–199.
4Bahrami, Sina, Mehdi Nourinejad, Mahmood Mahmoodi Nesheli, and

Yafeng Yin. TR-E, 179, 103313.
5Ye, Anke, Kenan Zhang, Xiqun (Michael) Chen, Michael G. H. Bell,

Der-Horng Lee, and Simon Hu. TR-E, 187, 103597.
6Ke, Jintao, Ce Wang, Xinwei Li, Qiong Tian, and Hai-Jun Huang.

(2024). TR-E, 184, 103467.
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Motivation

1 How does the transportation side of this service impact
the entire system? Driver routing.

2 What are the key factors that impact driver routing?
Service dimension and bundle size.

3 How to analyze the routing part? Batch matching →
VRPs → continuum approximation (differentiable,
analytical tool) → matching equilibrium.

6/53Group meeting September 20Kaihang Zhang

Research questions

ØOrder bundling
• How to determine the number of orders in each bundle
• How does bundling impact the system

Ø Service region (also termed delivery area)
• How to determine the maximum delivery distance
• How does it impact the system

Within service region

Beyond service region

Deliver

Order bundle
(e.g., 4 
orders)

Figure: An illustration of bundling and service region
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Equilibrium analysis

Equilibrium is established as the conservation of demand/supply
flows using Little’s law, from which we solve for Nv and Nb

17/53Group meeting September 20Kaihang Zhang

Equilibrium analysis

Realized customer 
demand rate

Delivery supply 
rate

Matching rate

Number of order bundles Number of vacant drivers

Number of drivers waiting 
for food preparationEquilibrium	conditions	(market	clearing)

	 all	flows	are	equal
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Formulations

Customer total waiting time (Wc) is decomposed into five
analytical components

Wc = Wc,a︸︷︷︸
Accumulation

+ Wc,q︸︷︷︸
Matching

+ Wp +Wc,d︸ ︷︷ ︸
Pickup and delivery

+ Wfp︸︷︷︸
Food

preparation

(1)

1 Accumulation time Wc,a: # orders / demand

2 Matching time Wc,q: based on matching probability

3 Delivery Wc,d and pickup time Wp: routing approximation

4 Delay due to food preparation Wfp: time difference

These values vary across different demand (Nb) and supply
statuses (Nv) → Solve for them
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Accumulation time

10/53Group meeting September 20Kaihang Zhang

Accumulation time

ØThe waiting time before a bundle is formed
ØCustomer demand

𝑞 =#
!"#

$

$
%

&
𝛿! 𝑟 2 𝜋𝑟 d𝑟

ØCustomer’s accumulation time

𝑊!,# =
$%& /(
)/ *+!

 

Total number of merchants Maximum delivery distance

Realized customer demand Demand density rate

Considering the worst (wait 
for 𝑘 − 1 orders) and the 
luckiest cases (no waiting)

Realized customer demand
for each bundle (driver)
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Matching time

Matching probabilities pc and pv for customers and
drivers, respectively.

Conservation of the number of matched order
bundles/vacant drivers:

pcNb = pvNv,
Nb: number of bundles, Nv: number of vacant drivers.

Matching time is from competition

Customers’ and drivers’ expected matching times are

Wc,q =
1

2
τpc +

3

2
τpc(1− pc) + · · · = τ

(
1

pc
− 1

2

)
, (2)

Wv,q =
1

2
τpv +

3

2
τpv(1− pv) + · · · = τ

(
1

pv
− 1

2

)
. (3)
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Delivery time

We approximate the delivery-and-return routing using
continuum approximation (Newell and Daganzo, 1986)

Wv,d ≈
Lline-haul + Ltransversal

v

12/53Group meeting September 20Kaihang Zhang

Delivery and pickup time
ØWe approximate the delivery-and-return routing using 

continuum approximation (Newell and Daganzo, 1986)

Figure. Illustration of the delivery routing approximation

2𝜃 =
2𝜋
⁄𝑁! 𝑀

=
2𝜋𝑀
𝑁!

Avg number of
working drivers

Stars represent customers

Red lines represent
delivery routes

Blue curves represent
Return-pickup routes

Empirically evidenced 
that drivers are used to 
return to the origin to 
wait for the next round 
of delivery (Mao et al., 
2019, 2022)

Mao, Wenzheng, Liu Ming, Ying Rong, Christopher S. Tang, and Huan Zheng. 2019. “Faster Deliveries and Smarter Order Assignments for an On-Demand Meal Delivery Platform.” SSRN. 
---. 2022. “On-Demand Meal Delivery Platforms: Operational Level Data and Research Opportunities.” Manufacturing & Service Operations Management 24 (5): 2535–42.
Newell, Gordon F., and Carlos F. Daganzo. 1986. “Design of Multiple-Vehicle Delivery Tours—I a Ring-Radial Network.” Transportation Research Part B: Methodological 20 (5): 345–63. 



OFD

Kaihang
Zhang

Stylized model
routing

Introduction

Model

Properties

Numerical study

Network
model

Introduction

Model

Numerical study

13/32

Waiting time due to food preparation

16/53Group meeting September 20Kaihang Zhang

Waiting time due to food preparation

Ø Before the last order is being cooked, there is customers’ matching 
time 𝑊!,# and return-pickup time 𝑊$

𝑊!" = max 𝜏# − 𝑊$,& +𝑊" , 0

Average meal preparation 
time of one meal

Matching plus return-pickup time

𝑊!"
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Properties of the OFD system—R and Wc,d

Proposition 2.2 in paper

Customers’ average delivery time Wc,d first decreases and then
increases with R.

La ↑

Lt ↓

Large RSmall R

(a) Illustration of the impact of
an increase in R

𝐿

𝑅

𝐿!

𝐿"

𝐿# = 𝐿" +𝐿!

(b) Different trends of the axial
and transversal travel distances

Figure: Depiction of insights into the maximum delivery distance.
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Properties of the OFD system—k and Wc

Proposition 2.4 in paper

In the RP-SD scenario7, customers’ total waiting time
monotonically increases with k when R is small, and first
decreases and then increases with k when R is large.

𝑊!

𝑘
𝑘"

Reduce 𝑘

𝑘 = 2

No
bundle

: Optimal 𝑘

(a) Bad to increase k

𝑊!

𝑘
𝑘 = 2 𝑘"

Reduce 𝑘No
bundle Raise 𝑘

: Optimal 𝑘

(b) Good to raise k (small k)

7Wfp = 0, supply dominant
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Properties of the OFD system—Operations

Proposition 3 in paper

Under market equilibrium, W ∗c always happens in the RP-SD
scenario8 (including its boundaries); q∗t requires largest possible
R.

Path 1
RP-SD

DD

WP-SD

Unstable region

ℒ!",""

ℒ$%,&%

Path 2𝑉'

𝑉(

Path 3

Invalid region

ℒ)

𝑉*

𝑘

𝑅

(a) Paths of decreasing Wc

𝑞!

Raise 𝑅
Reduce 𝑅

𝑊"

win-win
: Optimal 𝑅

(b) The win-win scenario

8Wfp = 0, supply dominant
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Simulation for driver routing

The simulation exhibits uncertainty and to see the trend of
Wc,d with respect to R, we offset those Wc,d under large R
using the Wc,d under the smallest R, and draw the curve of
Wc,d’s v.s. R’s. For example, if the smallest R in the trial set
is R = 2 km and we have its associated delivery time Wcd,R=2,
then for R = 3 km we also have Wcd,R=3, and so do later R’s.
Then on the graph, we show
{0,Wcd,R=3 −Wcd,R=2,Wcd,R=4 −Wcd,R=2, · · · } v.s.
{2, 3, 4, · · · }.

Start Generate random 
demand

Screening eligible 
customers based on 𝑅 Solve for VRP Calculate 𝑊!"

Repeat 𝑋 times

Repeat for different 𝑅 All 𝑅 
computed?

No

Yes

Figure: Simulation logic

https://khzhang2.github.io/_pages/simulateVRP.html
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Simulation for driver routing

Example

LHS: R = 3500 m, RHS: R = 5500 m. We can see that the
sectors on LHS are fat while on RHS they are thin.
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Simulation for driver routing
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Part II – a network model

A three-sided network equilibrium model for
on-demand food delivery services

With Jintao Ke and Xiaolei Wang. Transportation Research
Part B: Methodological 209. 103461.
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Related works and contribution

Related works:

In recent CAV network
models, people9

overlooked the idle cruising

In ride-sourcing10, there is
no demand consolidation

The most classical service
network model11 simplifies
the matching using
aggregate metrics

Contribution:

Status transition of drivers
as a loop

Demand consolidation
(order bundling)

Matching and dispatching
problems explicitly as
mathematical programs
and develop a solution
approach

9Hou, Jiaxin, Kexin Wang, Ruolin Li, Jong-shi Pang. 2025. Preprint at
Arxiv.

10Xu, Zhengtian, Zhibin Chen, Yafeng Yin, Jieping Ye. 2021. TS, 55 (6).
11Hai Yang, Cowina W.Y. Leung, S.C. Wong, Michael G.H. Bell. 2010.

TR-B, 44 (8–9).
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A leader-follower game

A bi-level (Stackelberg) game
structure

Platform

Customers

Drivers

Merchants
Orders

Dispatch and match

Commission

Figure: The three-sided market

In a network where its vertices
represent catchment areas,

How does demand
distribute across the area

How do vacant drivers
cruise through the network

How do market
participants behave
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A leader-follower game

Market players’ behaviors modeled by random utility theory

Customer demand: merchant density, distance, delivery
fare, matching time, delivery time.
Vacant driver cruising: merchant density (attractiveness),
earnings, distance, matching time, service time.
Driver entry: hourly earnings.
Merchant join: driver availability, commission rate.
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How we deal with bundling delivery

Path 1

Path 2
Path 3

𝜆!"#$ ≔#path	)low

Merchant

Customer

𝑐

𝑚

(a) Flux as the total supply flow
mer stop 1 stop 2 stop 3 stop 4

M1

M2

M3

M4

M5

M6
M7
M8

1

2

3

4

5

6
7
8

1

2

3
4

5

7

1

2

3
5
7

5

(b) Sample path flow distribution

Pre-calculate all path
combinations; starting
from merchant, to
customer nodes in all
possible combinations

Assign flows (continuous)
as decision variables to
each path
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The stationary matching and dispatching

min
m,λm,λo

P

Matching:
−revenue+reposition cost︷ ︸︸ ︷

fm(m,λm) +

Delivery:
dispatching cost

{
1. no intervene
2. min cost
3. min waiting︷ ︸︸ ︷

fd(m,λo
P) (4a)

s.t. Equilibrium constraint: m ∈ Se (λm,λo
P) , (4b)

Matching feasibility: λm ∈ Fm(m), (4c)

Dispatching feasibility: λo
P ∈ Fd(m,λm), (4d)

where

Decisions: λm matching; λo
P dispatching

Equilibrium variable m: statuses of followers in the system

Se: equilibrium set, dependent on λ

F : feasible sets, m for matching, d for dispatching
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Network flow conservation and SUE

Transition of drivers (loop of vacant–pickup–delivery–vacant–. . . ):

Stochastic user equilibrium, choice probability equals actual flow:

px
pq ≡ λx

pq ⇐⇒ SUE convex program/fixed-point system,

where p is agents’ choice probability (e.g., logit), λ is the realized

flow
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Network equilibrium conditions cont’d
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Solution algorithm

A coordinate descent–based method

[Decomposed program]

λo,n+1
P = argminλo

P
{fd(λo

P ,λ
m,n,mn) : λo

P ∈ Fd(λ
m,n,mn)},

(5a)

(m,λm)
n+1

= argminλm

{
fm(λm,m) : m ∈ Se

(
λm,λo,n+1

P

)
and λm ∈ Fm(m)

}
.

(5b)

The first program is linear; the second program’s unknown
variable grows polynomially with network size.
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Numerical study on Grubhub data

Spatial distribution of demand; network clustered by K-means
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Delivery path flow distribution

RBS: random bundling strategy (no intervention)

DCS: delivery cost minimizing strategy

WTS: waiting time minimizing strategy
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Sensitivity analysis
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Waiting time minimization, NF=470
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Thanks for your attention

Future works

Consider inter-depot traveling and driver behavior in a
stylized model

Modeling for network effects

Unification of VRP-like and DPDP-like route
approximations

Comments are welcome!
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