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Abstract. SF Express, China’s leading integrated logistics service provider, is well known
for its delivery speed and operational efficiency, and it relies heavily on its integrated logis-
tics network. However, planning its network used to require enormous manual effort from
many regional planners. Since 2018, a group of operations research experts has worked to
revolutionize this experience-oriented planning procedure into a centralized one that inte-
grates state-of-the-art operations research methods. We identify novel variants of network
design and routing problems, each with a larger scale than most of those studied in the liter-
ature. We address these challenging problems by combining advanced techniques from the
literature, exploiting the problem structures, and drawing inspiration from human experi-
ences. The developed methodologies now guide SF Express’s strategic and operational net-
work planning decisions, such as establishing Asia’s first cargo-focused air hub and daily
optimization of vehicle routes. This transformative project has led to financial benefits

exceeding $1 billion and reduced millions of tons of carbon dioxide equivalent since 2018.

Keywords:
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Introduction

Since 2010, the Chinese express delivery industry has
experienced rapid expansion, primarily driven by
e-commerce. By 2014, it had become the global leader
in parcel volume. In 2021, the industry reached a mile-
stone of delivering over 100 billion parcels, which
accounted for approximately 70% of the global total
(Pitney Bowes 2022); see Figure 1(a). This trend per-
sisted, with China’s parcel volume reaching 150 bil-
lion in 2024 (Luo 2024).

Meanwhile, the Chinese express delivery industry
remains highly competitive, with seven major compa-
nies, each handling over 10 billion parcels in 2024
(Log Club 2024). Because of the competition, the price
per parcel declined from $3.89 in 2007 to $1.25 in 2023
as shown in Figure 1(b). These surveys are available
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from the State Post Bureau of the People’s Republic of
China (2025). Because transportation costs account for
a significant portion of total costs, express delivery
companies must optimize their logistics networks to
maintain profitability.

In addition to price competition, Chinese express
delivery companies seek to enhance delivery speed,
where cargo airplanes are vital in ensuring fast logistics.
However, as of 2023, China operated only 257 cargo air-
planes (Civil Aviation Administration of China 2024), sig-
nificantly fewer than the United States, which operates
over 900 (Mitchell and Hayward 2024). Furthermore,
government regulations restrict cargo airplane opera-
tions to a designated time window between 10 p.m. and
8 a.m. (Civil Aviation Administration of China 2020).
Restricted by the limited capacity of cargo airplanes,
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Figure 1. Statistics Relative to the Express Delivery Industry
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Notes. (a) Parcel volumes of countries in 2021. (b) Price per parcel in China. USD, U.S. dollars.

express delivery carriers also rely on the belly space of
commercial flights to augment their services.

With over 30 years of operations in this growing
and competitive market, SF Express (SF) has grown
into China’s and Asia’s largest integrated logistics ser-
vice provider, ranking fourth globally in revenue in
2023 according to an internal Frost & Sullivan report
(Frost & Sullivan 2024). Since its establishment, SF has
prioritized speed and reliability, earning a reputation
for high-quality service and ranking first in customer
satisfaction with express delivery services for 15 con-
secutive years based on State Post Bureau of the Peo-
ple’s Republic of China (2014, 2025) surveys.

Furthermore, SF has led the industry forward with
its vision and prospects. SF set up SF Technology
aimed at digital transformation in 2009. The same year,
SF Airlines was founded as China’s first private cargo
airplane company. Anticipating the rising demand for
air cargo, SF took a strategic step in 2015 to participate
in the construction and planning of the Ezhou Huahu
International Airport (the Ezhou Hub) (in Figure 2),
Asia’s first cargo-focused air hub. In 2018, SF founded

SF Map, which provides accurate freight maps and
detailed traffic information to the logistics industry. In
2021, SF set its carbon reduction goals to reduce carbon
footprint per parcel by 70% and improve carbon effi-
ciency by 55% by 2030 (SF Holding Co., Ltd. 2021).

A key factor behind SF’s operational efficiency lies in
its complicated logistics network planning, which pre-
viously relied on the efforts of many regional human
planners. However, as parcel volume increased and
network scale expanded, SF executives realized the
necessity of employing advanced analytical techniques
to support conventional manual network planning
procedures. Since 2018, a group of operations research
(OR) experts has been working to revolutionize the net-
work planning procedure by integrating advanced OR
methods into a centralized process.

Within this procedure, we identified critical and
challenging problems: intercity air network, intercity
ground network, and intracity network problems. Each
problem is larger in scale than most problems studied
in the literature, includes a variety of real-world con-
straints, and therefore, each problem poses a novel set

Figure 2. (Color online) Geographical Location and Photo of the Ezhou Hub
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Notes. (a) Ezhou'’s central location in China. (b) Photo taken of the Ezhou Hub.
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of difficulties. To tackle these problems, we proposed
efficient algorithms with a comprehensive combination
of advanced techniques from the literature, exploita-
tion of problem structures, and inspiration based on
human experiences.

After overcoming numerous challenges, this OR-
driven transformation was successfully implemented
at SF, delivering substantial improvements in service
quality, financial performance, and environmental
sustainability. Since 2018, this project has reduced ser-
vice times for more than 1 billion parcels, saved the
company more than $1 billion, and reduced carbon
emissions by millions of tons. Furthermore, it has led
to the appreciation of OR throughout SF, extending
the OR techniques to other applications besides net-
work design.

SF Network Operations
We provide the basics of the network and the manual
planning process at SF.

SF Network Structure

The SF network comprises more than 370 gateway
hubs (GHs) and 37,000 local hubs (LHs). Each LH
directly serves customers via couriers for the first-mile
pickup and the last-mile delivery. A GH serves as the
entry and exit points of parcels, facilitating connections
to other cities. Figure 3(a) shows a representative GH,
and Figure 3(b) shows a representative LH. Depending
on the demand, a major city in China usually has one
or multiple GHs and hundreds of LHs. This structure
of LHs and GHs in a city is often referred to as a two-
echelon delivery system in the urban logistics literature
(Crainic et al. 2009), which is also similar to postal net-
works worldwide (e.g., the U.S. Postal Service) and the
TNT network (Fleuren et al. 2013).

On a typical day, over 100 million parcels are trans-
ported or sorted in the SF network. Figure 4 illustrates
the flow of a parcel from a sender to a recipient
through the SF network. A courier picks up a parcel

Figure 4. Structure of the SF Network
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from the sender’s doorstep and transports it to a
nearby LH using an e-bike or e-tricycle. The parcel is
sorted at the LH and transported to a designated GH.
Then, it is transported to the destination GH (via
direct delivery or transshipment) and LH. Finally, a
courier delivers the parcel to the recipient.

The SF network is broadly divided into intercity
and intracity networks. The intercity network facili-
tates the movements of parcels between GHs, which
are usually multimodal, incorporating road, air, and
rail options. Among them, air transportation utilizes
both self-owned cargo airplanes and the belly capacity
of commercial flights. The intracity network focuses
on first-mile pickup and last-mile delivery within a
city, connecting LHs to the designated GHs via light-
duty trucks.

To guarantee its customer experience, SF has pio-
neered the industry with a multishift scheme related
to its network planning. A shift at SF refers to a sched-
uled time interval during which a specific operation,
such as sorting, pickup, or delivery of parcels, is per-
formed at a hub. It is also called a “sort” in express
delivery companies in the United States (Herszterg et al.
2022). SF strategically schedules multiple pickup and
delivery shifts at LHs and multiple sorting shifts at GHs
to achieve aggressive service-level agreements (SLAs).

Figure 3. (Color online) Representative Facilities in the SF Network

Notes. (a) A gateway hub. (b) A local hub.
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Figure 5. Routes for Different Shifts

©Q Origin City

» Destination City W

‘» delivery before next-day
10:30am
belly

} the 1st pickup }
=] =l ----

gl — e

&> Transfer City

>

Airport

» Airport LH sy
* - i delivery before next-day
cargo i 12:00pm H
: -»
cargo
= 1st pickup shift

= = 2nd pickup shift
...... 3rd pickup shift

Note. Three distinct routes from the origin city to the destination city, corresponding to three different pickup shifts, are depicted; the first shift is
indicated by solid arrows, the second shift is indicated by dashed arrows, and the third shift is indicated by dotted arrows.

In an LH’s pickup shift, couriers collect parcels from
customers and transport them to the LH before the cut-
off time. At the LH, parcels are sorted and transported
to their next hub by the end of this shift. In an LH’s
delivery shift, the LH receives parcels before the cutoff
time and sorts parcels based on the parcels that each
courier will deliver. Then, couriers deliver parcels to
customers to fulfill the prespecified SLA. SF schedules
multiple shifts to guarantee that parcels are sorted and
transported quickly to the next destination, reducing the
waiting time at each hub and improving the customer’s
experience.

However, this multishift scheme greatly enhances
the complexity of network design because parcels
picked up in different shifts are associated with vary-
ing SLAs and require differentiated treatment as
Figure 5 illustrates. In the origin city, parcels collected
in the first shift at the LH are transported to the GH
and then, the airport, where they are transported to
the destination city via the belly space of a commercial
flight. In the second shift, parcels are directly trans-
ported from the LH to the airport (which we refer to
as a direct pickup) and then, to the destination via a
cargo airplane. In the third shift, parcels are trans-
ported to the airport of a nearby city to be loaded onto
another cargo airplane.

Figure 6. Manual Planning Process
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Manual Planning Process

Network planning was previously conducted by regional
network planning teams as illustrated in Figure 6. These
teams designed their own intracity and intercity net-
works based on the overarching principles of the head-
quarters network planning team. In cases of conflicts or
disagreements on network plans among regions, the
headquarters network planning team would intercede to
coordinate and decide the final solutions.

As the volume increased, the numbers of LHs and
GHs also increased, challenging manual planning in
each region and increasing the cost of communication
and coordination among regions. Furthermore, because
most planners rely on their own experience to plan the
network, the network plans” quality varied significantly.

Recognizing these challenges, the headquarters plan-
ning team sought methods to centralize the process.
We participated in the network design centralization
project, with the objective of revolutionizing the pro-
cess and improving network planning consistency and
quality across all regions.

Opportunities for Operations Research

In addition to the motivation of designing a central-
ized network planning procedure, other factors also
contributed to the opportunities for OR at SF.

. Adjusted Network

Headquarters Network Design Solution A

Planning Team
(Intercity & Intracity)

Coordination

[ Adiusted Network
. Design Solution B
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In 2015, SF initiated its Ezhou Hub plan because the
existing hub in Hangzhou was anticipated to reach its
limit soon. This project required the network planning
team to completely replan the network, a highly chal-
lenging task using manual methods; therefore, leverag-
ing new technologies to support the strategic planning
of the Ezhou Hub was imperative.

In addition, SF completed its internal digitalization,
including introducing digital waybills, personal digi-
tal assistants, and automatic sorting equipment before
2017. Digitalization transformed SF’s operations and
significantly improved operational efficiency. More
importantly, the system collected SF operations data,
laying a solid foundation for applying advanced data
analytics and OR methods.

In 2017, SF began recognizing the advantages of OR
methods in addressing the aforementioned network
planning issues and started to establish its own OR team
(under SF Technology). In the same year, SF embarked
on a collaboration project with the Georgia Institute of
Technology to study various research topics. During this
collaboration, significant progress was made on intracity
network design problems, leading to the publication of
two academic papers (Wu et al. 2022, 2023).

Although the collaboration ended in early 2020, the
OR team at SF continued to tackle the challenging
(intercity and intracity) network design problems
and independently proposed the framework of a cen-
tralized network planning procedure. Studying these
challenging network design problems involves strate-
gic decision making across extensive geographical
regions, including network structure, transportation
schedules, and consolidation strategies. Meanwhile,
the team continued to refine and update the intracity
modules to incorporate additional problem character-
istics and enhance solution efficiency.

Problem Definition

As we explain in Manual Planning Process, the network
planning at SF is a complicated multistage process
involving various stakeholders (some with conflicting
objectives). In the early stages of this project, we invested
considerable effort in understanding the entire process
in order to transform it into a centralized one with inte-
grated OR models.

First, we provide an overview of SF’s network plan-
ning problem and describe our solution framework
that involves iteratively solving several critical net-
work design problems, each explained in detail. At
the end of this section, we summarize these models
and methodologies.

Overview of Network Planning
We introduce basic concepts and terminology related
to the optimization models. A common input to all

optimization models is the aggregated parcels with
key attributes (i.e., the origin hub, the destination hub,
the ready time at the origin hub, the due time at the
destination hub, the quantity, and the product type),
which we also refer to as commodities. Common deci-
sions in these models pertain to the line-hauls and the
commodities’ routes. A line-haul refers to a scheduled
movement between two hubs, typically associated
with a starting hub, an ending hub, a departure time
at the starting hub, an arrival time at the ending hub,
and a cutoff time at the starting hub. A route is a
sequence of line-hauls that connects the origin and
destination hubs of the commodity.

The philosophy behind designing the centralized
process with OR methods is to balance flexibility,
where planners can interact with and apply the models
in various scenarios, and accuracy, which requires that
all key decisions are made using the OR models. One
of the most promising methods involves a sequential
approach that decomposes the overall network plan-
ning problem into several subproblems. We distin-
guish the intercity and intracity networks because they
are managed by different planners in each region. Fur-
thermore, the planning of intercity air and intercity
ground networks is usually decoupled because intercity
air network planning involves planning self-owned
cargo airplanes, the most critical and scarce resources
for SF. In contrast, the intercity ground network mainly
relies on outsourced heavy-duty trucks, which are
abundant in the market. With a fixed intercity network
plan (including air and ground transportation), a
key aspect is that intracity network planning can be bro-
ken down for each city. Note that SF plans its intercity
air and ground network on a monthly/weekly basis,
whereas it plans the intracity network on a daily/
weekly basis.

Following these observations and based on multiple
discussions with the network planning team, we
developed a framework sequentially solving critical
network design problems employed in SF’s network
planning process, which we show in Figure 7. The
redesigned process, where the headquarters planning
team generates the overall network plan (i.e., the opti-
mization phase) and regional planning teams evaluate
the plan with minor adjustments, completely changes
the workflow of network planning. A lightweight net-
work simulator evaluates the adjusted plan to demon-
strate its service levels and operational costs (i.e., the
evaluation phase).

Within the optimization phase, we first solve the
intercity air network design problem considering all
parcels and their SLAs by making the following deci-
sions: (1) selecting the parcels to be served by air
transportation (i.e., cargo airplanes and belly space
of commercial flights), (2) determining the routes
and schedules of cargo airplanes, and (3) determining
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Figure 7. Centralized Planning Process with OR Models
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Notes. The headquarters network planning team initiates the planning process, where the OR models determine the intercity air network, inter-
city ground network, intracity feeder network, and intracity same-day network. The regional network planning teams evaluate the plan with
minor adjustments, and a network simulator evaluates the adjusted plan to calculate its service levels and operational costs.

line-hauls in the intracity network and intercity ground
network that connects the LHs and ground GHs to the
air GHs. Then, the remaining parcels are handled by
the intercity ground network via road and rail trans-
portation. The intercity ground network design prob-
lem determines the line-hauls of trucks based on the
number of parcels and their SLAs, respecting those
served by the air network. A part of the output of the
intercity air and ground plans is GH and LH shifts.
Accordingly, the intracity network is designed based
on these shifts. After solving the intracity network
problems, the headquarters network planning team
examines the overall results, and it may make minor
changes to the shifts and reoptimize these problems.
Note that we are dealing with two optimization pro-
blems in the intracity network. One is a feeder network
design problem, which concerns the transportation of
parcels (mostly intercity parcels) between LHs and
GHs, and the other is a same-day network design problem,
which designs a separate network for transporting
intracity parcels rapidly.

It is also worth noting that among the four optimi-
zation problems discussed, three (i.e., the intercity air
network, the intercity ground network, and the intra-
city same-day network) are variants of the service net-
work design problem (SNDP) (Crainic 2000, Boland et al.
2017). In contrast, the feeder routing problem is a vari-
ant of the vehicle routing problem (VRP) (Laporte 2007,
Toth and Vigo 2014). Because we need to make granu-
lar scheduling decisions under various time-related
constraints, it is helpful to define these optimization

problems on time-expanded networks (or time-indexed
networks), which is a common practice in the literature.
In a time-expanded network, a node represents a com-
bination of a location and a specific time point. The pro-
cedure to generate a time-expanded network based on
a flat network is described in Appendix A. Note that
the generation of the time-expanded network requires
massive travel time calculations between pairs of hubs.
In this project, the travel time matrix of trucks is
retrieved by SF Map application programming inter-
faces (APIs), whereas the travel time matrix of airplanes
is provided by SF Airlines.

The objective, decision variables, and constraints of
each problem are determined based on multiple rounds
of discussion and prototyping with senior managers
and experienced planners. We want to underscore the
modeling of the trade-off between operational costs and
service levels in the intercity air and ground networks.
We impose a set of constraints with a target SLA that
each commodity must achieve. By default, the target
SLAs are set to those of the current network, indicating
that the modification should not compromise custo-
mers’ experiences. However, we also allow planners to
customize the target SLAs to conduct what-if analyses.
In addition, we add a reward component into the objec-
tive function (which minimizes total operational cost)
for commodities achieving better service levels to iden-
tify opportunities to improve services further.

The scale of all of these problems is much larger than
most of those studied in the literature, where off-the-
shelf solvers cannot generate high-quality or feasible
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solutions within the required time limit. Therefore,
we seek to design advanced algorithms incorporating
mathematical programming and heuristics. The design
of the algorithms of each problem is similar. We first
investigate methods such as preprocessing and refor-
mulation to improve the efficiency of the mathematical
model. The mathematical model provides a good initial
solution or solves a partial problem on a smaller scale.
We then use heuristics or metaheuristics to decompose
the whole problem or iteratively improve the solution.
All of these algorithmic designs are inspired by the
related literature, the in-depth analysis of problem
structures, and planners” experiences. For example, the
metaheuristic for the SNDP considers frameworks and
operators introduced in Erera et al. (2013), Lindsey et al.
(2016), and Wu et al. (2023), whereas the metaheuristic
for the VRP is inspired by Christiaens and Vanden
Berghe (2020).

Intercity Air Network Planning

The intercity air network is the basis for SF’s outstanding
service performance. It comprises transportation re-
sources, including self-owned cargo airplanes and the
belly capacity of commercial flights, and complex route
structures (Figure 8). We also incorporate ground trans-
portation, such as trucks and trains, because they are
essential to connect the GHs and airports, and truck-air
transportation is sometimes more cost effective.

Problem. The design of intercity air networks involves
multiple vital decisions, including the design of flights,
the schedules of self-owned cargo airplanes, and the
routes of express parcels. The primary objective in
designing this network is to minimize the total cost
while maximizing overall service performance.

In addition to the basic constraints for SNDP, this
problem is highly constrained by physical limitations
related to air transportation, such as the fleet sizing

Figure 8. Structure of SF’s Intercity Air Network

— A—

Airport C Ezhou Hub
I

Airport E

constraints of each type of cargo airplane, sortation
capacity of each GH, apron physical parking capacity
(i.e., the number and type of available aircraft parking
stands), and aircraft balancing requirements at each
airport. The Ezhou Hub is also associated with runway
capacity and a sorting time window that defines the
latest arrival times and earliest departure times. Civil
aviation regulations pose additional constraints,
including the types of aircraft available at each airport
and restricted operating time windows for cargo air-
planes. We note that most of these constraints are com-
mon in the air freight industry (Fleuren et al. 2013).
Furthermore, it is crucial to consider specific charac-
teristics of SF Express. Because of SF’s multishift
scheme for both pickup and delivery, scheduling an
airplane’s departure time (and landing time) is a very
delicate task. Parcels at the origin airport may miss an
airplane departing too early, although the airplane is
able to fulfill the promised SLA to customers. On the
other hand, parcels on an airplane departing too late
may compromise SF’s SLA. To cope with this diffi-
culty, we have to discretize the time horizon into
10-minute intervals to model cargo airplane schedules
accurately. Accordingly, we also aggregate the parcels
in granular 10-minute intervals. In the intercity air
network, a commodity corresponds to parcels sharing
the same origin and destination GHs, with origin hub
ready times clustered within 10 minutes. This leads to
technical challenges in handling a large number of
commodities. The authors are unaware of any litera-
ture on air transportation that considers this granular
modeling of commodities in the time dimension.

Complexity. SF’s air network comprises 280 air and
ground GHs (a subset of 390 GHs) and the Ezhou
Hub. Generally, an air GH connects to LHs through a
ground GH. Air GHs may establish direct pickups
and deliveries with LHs, bypassing ground GHs to
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Notes. Four distinct airplane route types are depicted. Direct cyclic airplane routes (e.g., E-F-D-E) are indicated by thin solid arrows, direct non-
cyclic airplane routes (e.g., A-B-D) are indicated by thick solid arrows, hub-based noncyclic airplane routes (e.g., D-Ezhou-A) are indicated by
dashed arrows, and hub-based cyclic airplane routes (e.g., C-Ezhou-C) are indicated by dotted arrows.
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reduce transit time as shown in Figure 5. In SF’s air
network, each cargo airplane route must include at
least two flight segments, and more than three aircraft
types must be available for selection. Combining multi-
segment routing requirements, a heterogeneous fleet,
and fine-grained commodity aggregation creates a
highly complex optimization problem. Based on our
conservative estimation, directly formulating this prob-
lem leads to a mixed-integer program (MIP) involving
1 million commodities, 115 million candidate flights,
and 10.1 billion candidate commodity routes.

Technical Solutions. To tackle the large-scale prob-
lem, we incorporate various reformulation methods to
reduce the number of decision variables and con-
straints. Below, we list some of the most effective
strategies for reducing the model size without sacrific-
ing optimality.

We first apply a set of domination rules on candidate
airplane routes. Given a set of candidate airplane routes
with similar schedules, we determine if they share the
same delivery service levels and can carry the accu-
mulated parcels. If so, we only keep one route with
later departure times. This reduces the number of can-
didate routes by a factor of 10.

Inspired by the route-splitting strategy in Armacost
et al. (2002, 2004), we split airplane routes visiting the
Ezhou Hub into inbound and outbound subroutes.
This explicit decoupling avoids a massive number of
subroute combinations, reducing the number of hub-
related airplane routes by 60. Note that the concept of
composite path variables described in the literature is
not applicable in SF’s intercity air network problem.

We further propose an improved aggregation scheme on
commodities. Rather than evenly discretizing the whole
time horizon into 10-minute intervals, we adjust the
temporal granularity based on the cutoff times of can-
didate cargo planes and fixed commercial flights. Fur-
ther, we identify a property where commodities with
origin or destination GHs close to each other within a
threshold can be aggregated without compromising
the optimality. This leads to a reduction in the number
of commodities by a factor of 14.

Finally, we propose a novel reformulation technique
that exploits the time dimension of commodities. Conven-
tionally, a set of “assignment”-like variables is used to
indicate routes of each commodity. Given the fine
granularity of the time dimension, it leads to a large
number of decision variables. To avoid introducing
these additional variables, we propose a set of vari-
ables that only track the cumulative number of parcels
on each candidate route, whose size is independent of
the number of commodities. This reformulation com-
presses the size of decision variables by a factor of 12.

Our methods significantly reduce the problem size,
and we can solve the model using commercial solvers

within 10 hours. However, we need to find a solution
within two hours to accommodate the rapid evalua-
tion of multiple scenarios required for comprehensive
analysis of decision variables in strategic planning
(which will be discussed in Technical Challenges).
Thus, we further developed advanced matheuristics
inspired by Archetti and Speranza (2014) that partially
improve the network iteratively to meet this more
stringent requirement. Initially, we decompose the
network into subnetworks based on resource types to
obtain a feasible initial solution. Then, we refine this
solution iteratively to improve the network toward
optimality.

Intercity Ground Network Planning

The intercity network is the most complex part of the
whole network. Planning the intercity ground net-
work involves the cost-effective transshipment of
parcels with various product types from numerous
candidate options under SLAs.

Problem. The intercity ground network is similar to a
variant of the SNDP: that is, the single-path and
in-tree flow planning model (Bakir et al. 2021) for the
simplicity of sortation operations. Single path indicates
that the commodities are not allowed to split, which is
widely considered in the literature (Erera et al. 2013,
Lindsey et al. 2016, Boland et al. 2017). Furthermore,
the in-tree constraints ensure a more straightforward
consolidation plan, where a group of commodities
with the same destination is transshipped to a single
next GH (Bakir et al. 2021).

This model optimizes commodity routes, the num-
ber of vehicles, and load plans on line-hauls to mini-
mize costs (including transportation and sortation
costs) while ensuring adherence to SLAs. To accu-
rately reflect the ground transportation network, the
model incorporates practical constraints, such as the
limited number of docks and sortation capacity associ-
ated with each GH. Additionally, it factors in available
railways as capacitated and fixed schedule transporta-
tion resources. Moreover, the model accounts for the
requirement of GH clearance, ensuring that all parcels
are dispatched by the last shift of the day.

Complexity. The entire intercity ground network design
problem involves over 300 GHs, 300,000 commodities,
and trillions of candidate commodity routes. Further-
more, even from a regional planners’ perspective, design-
ing a tiny region’s intercity ground network involves
dispatching commodities from 35 origin GHs to the
nationwide 300 GHs, resulting in 25,000 commodities
and over a billion candidate commodity routes, which
are already more than instances considered in most
SNDP literature; for example, in Jarrah et al. (2009),
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Teypaz et al. (2010), and Wang et al. (2019), the number
of commodities is usually less than 1,000.

Technical Solution. We built a fast and scalable algo-
rithm that integrates methodologies from both inter-
city air network design and intracity network design
to address the issue of large-scale computation. The
algorithm consists of two parts: the network reduction
and the iterative metaheuristic.

We begin by applying graph theory-based methods
to simplify the model. Drawing inspiration from inter-
city air network strategies, commodities sharing the
same origin shift and SLAs are aggregated, reducing
the overall commodity size to one third. Additionally,
a connectivity analysis is performed to identify and
eliminate redundant decision variables associated with
candidate commodity routes, resulting in a 99% reduc-
tion in these variables. For instance, the size of the
regional 35-GH instance is reduced to a mixed-integer
programming problem with 2,940,000 variables and
670,000 constraints from an initial problem with over a
billion variables.

After that, a two-step batch-based iterative matheur-
istic is developed to solve the model. Generating
batches is critical and challenging, significantly impact-
ing the solution’s quality and efficiency. Building upon
the single-hub-based decomposition framework pro-
posed by Wu et al. (2023), we extend the methodology
by decomposing the problem into multiple territory-
based subproblems. To effectively partition the entire
network into distinct territories, we employ a cluster-
ing approach that evaluates parcel routes over one
week. Specifically, destination GHs with comparable
routes are grouped by analyzing route similarities.
Once an initial feasible solution is constructed, an itera-
tive local search process is implemented to progres-
sively optimize the solution by reoptimizing selected
groups of commodities.

For the regional 35-GH instance, this method finds
a solution that improves the objective value by 13%
within one hour compared with the solution obtained
from Gurobi 9.5.1 with a five-hour time limit. Given
the scale of the intercity ground network, this improve-
ment is considered massive, and it approximately
translates to an additional savings of $1 million in oper-
ational costs per day.

Intracity Network Planning

The feeder network serves as the backbone of SF’s
intracity operations, with a GH acting as the central
facility for parcel sorting and distribution. The same-
day delivery network is established to address the
demand for highly time-sensitive intracity services,
such as six-hour delivery. Under strict time constraints,
the same-day delivery network incorporates the option
of transshipment among LHs, an innovative design

introduced by SF through collaboration between the
network planning and OR teams.

Feeder Network Planning. In the SF feeder network,
parcels are transported between LHs and a central GH.

Problem. Because of the multishift scheme of SF’s
operations, vehicles perform multiple tasks across dif-
ferent shifts, resulting in a multitrip VRP. Further-
more, vehicles are responsible for both pickup tasks
(transporting parcels from an LH to the GH) and deliv-
ery tasks (transporting parcels from the GH to an LH),
referred to as backhaul operations in the literature.
Both pickup and delivery demands are splittable.
Additionally, the GH typically operates with limited
unloading docks, necessitating efficient scheduling of
vehicle arrivals to prevent congestion and minimize
idle times. Finally, each vehicle serves a fixed set of
LHs for deliveries across multiple trips. This “crosstrip
consistency” constraint ensures operational stability,
simplifies loading-dock-to-hub allocation, and builds
route familiarity for drivers. A schematic representa-
tion of the feeder network is provided in Figure 9.

Considering the above factors, the planning of the
feeder network constitutes a rich vehicle routing prob-
lem (Lahyani et al. 2015). To the best of the authors’
knowledge, this problem integrates several key fea-
tures, such as multitrip vehicle routing, backhaul
operations, limited hub capacity, split pickup or deliv-
ery, and route consistency, which have not been stud-
ied in an integrated manner.

Complexity. The feeder network can cover a large
geographic area. For example, a megacity with one
GH covers a service area of over 4,000 square miles
and has 200 local hubs with eight (pickup or delivery)
shifts, which is considered a large instance in the
VRP literature.

Technical Solution. To address these challenges, we
propose a multiphase heuristic framework. This frame-
work decomposes operations into sequential shifts,
optimizing each shift individually and integrating
solutions across the planning horizon. Delivery routes
are established by clustering local hubs based on con-
sistent delivery patterns, whereas routing is optimized
using hierarchical set partitioning. For pickups, back-
haul paths are constructed to integrate them into return
trips, and stand-alone pickup paths are created for
unmet demands using integer programming. These
partial routes are then integrated into cohesive multi-
trip schedules.

This framework demonstrates significant improve-
ments in efficiency. Compared with baseline manual
scheduling approaches, it reduces total vehicle trips
by approximately 15%, balances dock utilization, and
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Figure 9. Feeder Network with Multishift Transportation Between Gateway Hubs and Local Hubs
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Notes. The routes from the LHs to the GH are the delivery routes, whereas the routes from the LHs back to the GH serve as pickup routes. Deliv-
ery routes consistently pass through LHs A, B, and/or C across all shifts because GH’s loading dock assignments to specific hubs remain con-
stant. In contrast, pickup routes are not restricted to particular LHs because GH’s unloading docks can receive shipments from any LH.

adheres to time window constraints. Integrating stand-
alone pickups into return trips has proven particularly
effective in optimizing fleet utilization (Wu et al. 2022).

Same-Day Network Design. The same-day delivery
network is designed to handle time-sensitive intracity
parcels within urban areas through transshipment
between LHs.

Problem. A primary operational challenge in this
network is the limited capacity of LHs. Under the
same-day delivery model, parcels are sorted and cross-
docked at LHs, requiring these facilities to handle pro-
cesses typically performed at GHs. However, LHs
have fewer docks than GHs because of the high cost of
urban real estate, which creates potential bottlenecks.
These docking constraints represent a challenge rarely
discussed in the literature on SNDP, especially in the
context of urban delivery.

Complexity. A critical aspect of this problem is that a
feasible solution that serves all origin-destination mar-
kets is not always guaranteed because severe hub
capacity and time constraints may render specific
shipment paths infeasible. Therefore, the objectives
are twofold: (1) to maximize the number of origin-
destination markets served and (2) to minimize the
transportation costs for these markets.

Technical Solution. To address this challenge, we
developed a hybrid algorithm to generate high-quality
solutions. It combines an integer programming-based
heuristic (IP-H) with a multistart iterated local search
(MILS) algorithm. The IP-H sequentially processes LHs,
solving a subproblem where only the commodities

associated with a specific LH are considered. The MILS
algorithm produces feasible solutions through repeated
neighborhood searches. The hybrid algorithm combines
the strengths of IP-H and MILS by using metaheuristic
solutions to dynamically guide the integer program-
ming process (Wu et al. 2023).

The optimization model demonstrates its effective-
ness by extending service cutoff times in specific mar-
kets by up to two hours and increasing same-day
delivery coverage by over 30% in some test instances.

Following the collaboration with the Georgia Insti-
tute of Technology, the SF team has continued to
refine intracity delivery methods to enhance their effi-
ciency and extend them to more scenarios. Specifically,
we have integrated hub location decisions into the
intracity same-day network to identify a subset of LHs
for expanding sorting capacity. We further extended
the feeder routing algorithm to support heterogeneous
fleets, simultaneous pickups and deliveries, and trans-
shipment. Additionally, we have implemented state-
of-the-art metaheuristics to replace some IP-based
modules, further improving computational efficiency.

Summary

We summarize the key constraints and variables of
the three network design problems in Table 1. Regard-
ing decision variables, all problems determine the
selection of line-hauls and commodities’ routes. The
intercity air network uses continuous variables to
model the commodities’” routes because commodities
can be split and parcels with the same key attributes
can be loaded to multiple airplanes. In contrast, the
other two problems use binary variables, indicating
that commodities are unsplittable to ease the sortation
procedure. The intracity same-day network problem



Downloaded from informs.org by [216.73.216.94] on 06 June 2026, at 01:58 . For personal use only, all rights reserved.

Huang et al.: SF Express Revolutionizes Planning Strategy with Operations Research
86 INFORMS Journal on Applied Analytics, 2026, vol. 56, no. 1, pp. 76-94, © 2026 INFORMS

Table 1. Comparison of the Variables and Constraints of the Three Network Design Problems That Constitute SF’s

Network Planning Framework

Model elements Types of elements

Intercity air network

Intercity ground network Intracity same-day network

Variables Commodity selection Binary, whether intercity air
network serves a
commodity

Commodity routing ~ Continuous, the amount of
commodities on a route

Line-haul selection Integer, the number of an
airplane type traversing
an arc

Resource routing Binary, whether an airplane
route is chosen

Constraints On resources Limited heterogeneous fleet,

aircraft balance constraints

On arcs
On commodities

Capacity constraints

constraints

On nodes Clearance constraints,®

runway capacity, sortation
capacity, apron capacity,
civil aviation regulations,

hub time window

Splittable commodities, SLA
constraints,” no in-tree

No selection variables Binary, whether same-day
network serves a
commodity

Binary, whether a commodity

route is chosen

Binary, whether a
commodity route is chosen

Integer, the number of a Integer, the number of a
vehicle type traversing an vehicle type traversing an
arc arc

No variables No variables

Unlimited heterogeneous
fleet, no balance
constraints

Capacity constraints

Unsplittable commodities,
SLA constraints,® in-tree
constraints

Clearance constraints,”
docking capacity, sortation

capacity

Unlimited homogeneous fleet,
no balance constraints

Capacity constraints

Unsplittable commodities,
SLA constraints,” no in-tree
constraints

Clearance constraints,”
docking capacity

“These constraints are handled implicitly during the generation of the time-expanded network.

considers whether to serve a commodity (the con-
ventional feeder network handles commodities not
served by the same-day network via a GH). In
contrast, the other two problems must serve all
commodities. In addition, the intercity air network
explicitly considers the routing of cargo airplanes.
We provide a mathematical model based on the
intercity ground network in Appendix B.

We conclude this section by providing the evolution
of our solution methods. We started by studying
intracity network design problems, focusing on the
design of effective decomposition-based heuristics.
Later, we addressed the intercity air network problem
by significantly improving the mathematical formula-
tion. By utilizing the approaches in those problems,
we were finally able to solve the most challenging
intercity ground network problem.

Implementation

We first discuss challenges encountered during the
process to properly define problems, use the appropri-
ate methodologies, and deploy them to SF network
planning.

Challenges

Although the project faced many difficulties, we high-
light the most significant organizational and technical
challenges.

Organizational Challenges. At the beginning of this
project, the OR team under SF Technology realized

that the first challenges were properly identifying the
network planning problem of interest, the project’s
scope, and the expected deliverables. The members of
the newly founded OR team lacked sufficient business
background in SF network planning procedures. In
contrast, the SF network planning team did not fully
understand or accept the OR concept. The SF execu-
tives experimented with the OR team joining the net-
work planning team in 2019 to allow both teams to
work seamlessly together. The head of the network
planning team evaluated the OR team’s performance
based on the financial and service benefits generated
by the OR techniques developed.

This organizational experiment coincided with the
“facilitated mode” in employing OR in organizational
interventions in the literature (e.g., Franco and Monti-
beller 2010). By definition, the facilitated mode “requires
the operational researcher to carry out the whole inter-
vention jointly with the client: from helping to structure
and define the nature of the problem situation of interest
to supporting the evaluation of priorities and develop-
ment of plans for subsequent implementation” (Franco
and Montibeller 2010, p. 489). We have not observed a
similar organizational structure to promote OR in Chi-
nese companies and have regarded it as an organiza-
tional innovation.

In retrospect, this organizational innovation results
in a virtuous circle. Team members from different
backgrounds gain valuable insights into each other’s
fields. The network planning team helps the OR team
understand logistics practice and examine the solutions
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generated by the OR teams. In turn, the OR team helps
the network planning team with the OR basics and can
discuss the network planning using OR language.
Most senior network planning team managers have
stated that they benefit greatly from collaboration and
communication with the OR team and have gained
a deeper understanding of the complicated network
planning problem. In 2024, after five years of coopera-
tion, the OR team returned to SF Technology given that
its mission of promoting OR and understanding the
details of the operation had been accomplished. None-
theless, the facilitated mode between the OR and net-
work planning teams has continued, with new recruits
to the OR team required to serve a one- to two-month
rotation with the network planning team.

Technical Challenges. A few common technical chal-
lenges related to all of the network planning problems
have been identified during the project. These chal-
lenges are critical for applying OR methods to practice
and generating practical impact, but they are rarely
discussed in the literature.

Planning Flexibility. Per the requirements of the net-
work planning team, the OR models should retain
their flexibility to support strategic and operational
planning so that all network decisions are consistent.
The goals for the planning optimization problems
change as per the nature of the planning process. In
operational planning (e.g., planning the intracity net-
work of next week), the generated network should be
similar to the current network to ensure that a set of
limited changes can be implemented quickly. In con-
trast, strategic planning (e.g., planning the intercity air
network for next year) has no such limitations.

To ensure this flexibility, we have added several
algorithmic parameters to control whether the genera-
tion of candidate line-hauls and candidate commodity
routes adheres closely to the current network struc-
ture or is unrestricted.

Structural Differences Among (Near-)Optimal Solu-
tions. We have empirically observed that multiple
(near-)optimal solutions are structurally different in
various scenarios. For example, when assessing whether
to invest in a new GH in an area, the algorithm may gen-
erate a high-quality network plan using the new GH.
However, if we fix some decision variables to exclude
this GH, another solution with similar performance in
terms of operational cost and service levels is generated.

This issue is commonly faced in the employment of
OR techniques to a practical business context. First, it
is challenging in strategic planning to derive manage-
rial insights based on one algorithm-generated solu-
tion. Second, the solution generated by the algorithm
may not be the most desirable from the perspective of

the planning team because the OR model may not cap-
ture hard-to-quantify attributes, such as ease of imple-
mentation or alignment with the company’s strategy.

To address this, we always conduct a comprehen-
sive scenario analysis of important decision variables
in strategic planning before rushing to a premature
conclusion. To better support the scenario analysis,
we allow the users to input a (partial) reference solu-
tion so that the generated solution created by the OR
algorithm is close to it. Further, we keep improving
the efficiency of these methods to reduce the run time
to a few hours.

It is worth noting that the OR team first observed
this phenomenon when we conducted controlled
experiments to analyze key strategic decisions. Previ-
ously, planners could not observe or mitigate this diffi-
culty because of the complexity of network planning.

Local Optimality of Solutions. In the early stages of
the project, we observed that even a high-quality net-
work plan developed heuristically could be slightly
improved by making minor adjustments using human
observations. We refer to this situation as a solution
that violates the local optimality property.

Although the difference in the objective function
values is negligible, it undermines planners’ trust in
the models and their willingness to deploy the solu-
tions. Therefore, we add a postprocessing phase (with
a simple local search method) to guarantee the local
optimality of the solution. Note that it is extremely
challenging to guarantee global optimality for these
large-scale network optimization problems. We pro-
pose additional postprocessing to guarantee the local
optimality to ensure that the generated solutions align
with the planner’s intuition.

Regional Service Equity. The objectives of the mod-
els are a combination of cost and service levels; there-
fore, it is possible to generate a solution in which the
service level of one pair of cities decreases signifi-
cantly. This is unacceptable because if the solution is
deployed, it will impact the customer’s experience.

As we discuss in Problem Definition, we tackle this
difficulty by imposing hard SLA constraints on each
commodity, which usually require the service levels
of a commodity not to deteriorate from the current
requirements. However, we also include rewards for
achieving better service levels in the objective to iden-
tify opportunities to improve the service and custo-
mer’s experience.

Implementation Journey

The network planning project has transformed the
network planning process at SF. Below, we highlight a
few representative applications.
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Intracity Network Design. The intracity same-day
delivery network planning project has experienced
dramatic changes since it was initially considered. In
2017, SF set an ambitious goal to deliver intracity par-
cels within six hours. The OR team concluded that
transshipment via the GH would not be able to achieve
this goal and proposed to set up a separate transship-
ping network among the LHs.

Then, we introduced a hybrid metaheuristic, which
considered the docking capacities of each LH and
expanded the coverage of the same-day delivery ser-
vice. After several years of internal trials and iterative
improvements, SF officially launched the intracity
half-day service in major Chinese cities in 2022.

Ezhou Hub. One key goal of the network planning
project was to support the planning and operations of
the Ezhou Hub, where OR had been proven to be an
invaluable methodology. In 2019, the OR team helped
determine SF Airlines’ fleet size and Ezhou’s cargo
throughput, which were critical inputs to determine
the sorting capacity of air parcels of the Ezhou Hub.
In 2020, the OR team studied the opportunity for
multimodal transportation (air, road, and rail) at
Ezhou, which helped determine the sorting capacity
of ground parcels of the Ezhou Hub. These capacities
were some of the most critical parameters for con-
structing the Ezhou Hub. In 2021, the OR team contin-
ued updating the air network plan and analyzing the
impact of key parameters, such as the airport run-
way capacity.

When the Ezhou Hub was constructed in 2022, the
OR team started to design the multiphase transition
plan from the previous hub to the Ezhou Hub. This
was a challenging task with critical constraints neces-
sary for the transition. The network plan needed to
satisfy an estimated increasing function of the sorting
capacity of Ezhou. Because two national hubs would
coexist during the transition, the number of additional
cargo airplanes was bounded by the available leasing
cargo airplanes in the Chinese market. Most impor-
tantly, the service levels should not be compromised.

In 2023, the Ezhou Hub successfully completed a
two-month transition, meeting all of the above require-
ments, and has served as SF’s national hub since then.
Meanwhile, the OR team participated in redesigning
the ground network to exploit Ezhou’s advantages by
providing more air-truck transportation options. By
the end of 2023, the Ezhou Hub operated 45 domestic
and 10 international cargo routes daily. The cargo vol-
ume of Ezhou ranks among the top three airports in
China. The Ezhou Hub has leveraged its geographical
advantage to achieve an average on-time flight rate
of over 92% and significantly improved cargo proces-
sing efficiency and service quality (SF Holding Co.,
Ltd. 2024a).

GH Investment. We are also involved in strategic deci-
sions regarding GH investments. When a regional
organization plans to invest in a new GH, we objec-
tively evaluate the impact on the whole network and
each region. Because the evaluation brings different
teams together, we serve as the moderator to improve
decision-making efficiency. Since 2021, we have evalu-
ated 10-20 GH investments each year, covering the
regions related to all megacities (i.e., cities with a pop-
ulation of over 10 million) in China.

System Deployment. The network planning models
have been integrated into the production system of
SF, which directly supports monthly/weekly plan-
ning of intercity air/ground and intracity networks.

We designed an interactive network planning tool
to ease the use of these tools. This tool allows users to
adjust routes via a drag-and-drop interface. It also
offers real-time route re-evaluation, route visualiza-
tions, and the ability to compare multiple scenarios. It
empowers users to experiment with different config-
urations and assess their operational impacts before
finalizing decisions. The interactive tool has greatly
enhanced planners’ adoption, popularizing OR appli-
cations in logistics planning at SF.

According to surveys of system users, over 90% of
regional planners actively use this system for various
purposes, such as daily improvement of the network
plan, conducting what-if analyses, and interactively
reoptimizing the network plan. Conventionally, plan-
ners tend to reuse the previous month’s/week’s
plan and make minor modifications based on forecast
demand. Network design models support planners in
making more comprehensive changes to the previous
network plan to better adapt to varying demands.

Managerial Insights

In addition to developing tools to improve SF’s net-
work, the OR and network planning teams examined
the underlying mechanism of the network plans gener-
ated by the OR models. This led to managerial insights
that were counterintuitive to planners’ experiences.
Below, we provide some examples of the advantages
of using the OR methods.

Avoid Oversimplified Guidelines. SF headquarters pro-
vided guidelines to regional planners to prioritize var-
ious transshipment options. For example, given a
commodity associated with an origin GH and a desti-
nation GH, the guidelines suggest that direct delivery
from the origin to the destination is the top priority
for this commodity. The second priority is to trans-
ship the commodity to a GH close to the commodity’s
destination, and transshipment at a GH close to
the commodity’s origin is the third priority. Based
on our experimentation, these priorities often lead to
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suboptimal solutions. Therefore, we suggest that plan-
ners employ the OR models rather than relying on the
oversimplified guidelines to make such decisions.

Identify Crossregion Transshipment Opportunities. Con-
ventionally, to minimize the communication efforts,
each region determines the commodities routes that
only traverse the origin and destination regions, sig-
nificantly restricting the solution space. The network
planning model enables each region to generate better
crossregion transshipment options as we illustrate in
Figure 10.

Impact and Benefits

This project has had significant benefits and impact,
including financial benefits, environmental benefits,
and organizational benefits. It has implications for strat-
egy, service, and academia. Meanwhile, our approaches
can be a reference for other logistics companies and
extended to serve more business customers.

Financial Benefits

Measuring the benefits of deployed solutions presents
a significant challenge because of the interplay of
multiple business teams and the dynamic nature of
external factors, such as demand fluctuations and
fuel price volatility. To address this complexity, SF’s
finance team was engaged early in the project to col-
laborate with the OR and network planning teams in
establishing a standardized procedure for tracking
and calculating benefits. As part of this effort, we
developed tools, such as dashboards, to automate the
process and facilitate continuous monitoring of key
performance indicators.

The main idea suggested by the finance team for
the benefit calculation is based on the difference in
operational cost per unit weight before and after
deploying a solution. Operational cost per unit weight
is a more robust metric against demand fluctuations

than calculating the difference in total operational
cost. To be more specific, given a set of dates 7 indi-
cating the time that a solution i is employed, let w;
denote the average daily weight of parcels related to
solution I, and Ac; is the difference of operational cost
per unit weight. The benefits generated by solution i
during 7 are Aci(7)=|T| w;-Ac;. For example, in
2024, 29,000 feeder route optimization solutions were
applied, each with a varying application period. Fol-
lowing the calculation above, these solutions translate
to a total saving of $27.7 million. Furthermore, these
solutions have increased the utilization of intracity
vehicles by 7.6% and decreased the proportion of low-
utilization intracity vehicles by 6.1% compared with
2023. Note that we are careful about the confounding
variables in this calculation. Specifically, the fuel price
effect has been adjusted based on year-to-year com-
parisons. Further, we distinguish different periods,
such as weekdays, weekends, and holidays. We also
track parcels influenced by each solution and remove
duplicate parcels simultaneously influenced by multi-
ple solutions to avoid double counting the financial
benefits.

Summing up the financial benefits of all deployed
solutions leads to the total benefits. Our project’s
implementation generated a total cost savings of
$172 million from January 2023 to September 2024.
These benefits were primarily derived from two areas:
ground network optimization and air network optimi-
zation. From January 2023 to June 2024, ground inter-
city and intracity network optimization generated cost
savings of $164 million. From January 2023 to Septem-
ber 2024, air network optimization generated cost sav-
ings of $8 million. The benefits above have been
reviewed and verified by executives from the finance
team and documented in a letter from the SF Chief
Financial Officer to the Edelman Award committee
(Ho 2025). Extending this calculation back to 2018, we
estimate that our project has saved SF over $1 billion.

Figure 10. An Example of the Managerial Insights Obtained from the OR Models

@

Origin GH

Origin Region

Destination GH

Destination Region

Origin GH

Origin Region

I&% GH in another region

Destination GH

Destination Region

Notes. Panel (a) shows the conventional transshipment options of a commodity, which only include GHs in the origin and destination regions.
Panel (b) shows results generated by the OR models, where the optimal transshipment is via a GH in another region. (a) Conventional transship-

ment options. (b) Crossregion transshipment options.
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Environmental Benefits

When calculating the savings in carbon emissions, we
adopt a similar method for calculating financial bene-
fits: that is, a method based on the difference in energy
consumption per unit weight. To calculate the metric,
SF developed a digital carbon management platform—
the Fenghe Sustainability Platform (SF Holding Co.,
Ltd. 2022). This platform helps track vehicles’ daily
data, including vehicle types and travel distance, and
then, it converts these data to energy consumption (SF
Holding Co., Ltd. 2024b). We convert the reduction
of energy consumption to the reduction of carbon
emissions via a coefficient provided by a Chinese stan-
dard (State Post Bureau of the People’s Republic of
China 2014).

Based on the aforementioned calculation approach,
this project has reduced millions of tons of carbon
emissions since 2018. In 2023 alone, SF reduced 1.018
million tons of carbon dioxide equivalent. The envi-
ronmental benefits have been reviewed and verified
by executives from the strategy team and documented
in a letter from the SF Chief Strategy Officer to the
Edelman Award committee (Wang 2025). These data
have also been audited by a third-party institution
and publicly disclosed (SF Holding Co., Ltd. 2023).

Organizational Benefits

The OR team has significantly influenced SF’s net-
work planning process. The network planning deci-
sions previously relied heavily on regional planning
teams, with the headquarters staff primarily responsi-
ble for monitoring and coordination.

Our contribution has enabled the headquarters’ net-
work planning team to adopt a unified approach
to overall network planning while allowing regional
teams to make necessary adjustments before conduct-
ing the final evaluation. Based on our observations,
introducing OR techniques has significantly changed
the mindsets of planners and their managers. Instead
of manually designing the network, they now spend
more time analyzing the generated solutions and
making minor adjustments to facilitate implementa-
tion, boosting their work efficiency. Rapidly calculat-
ing and evaluating multiple scenarios, OR models
have reduced the decision-making period from weeks
to hours.

The impact of OR inside SF continues to grow. The
OR techniques have been extended to various applica-
tions, including revenue management, staffing, disrup-
tion management, and real-time scheduling problems.
We illustrate this impact with an initially unexpected
example. To track carbon emissions, the Fenghe team
initially considered deploying alternative fuel vehicles
as the only measure to reduce transportation emissions.
We suggested including the emission savings generated
from the network planning models. Since 2022, the SF

sustainability reports have explicitly included the emis-
sion reduction of network planning models under the
term “application of green technology.”

Strategic Impact

This project supports SF Express executives in strate-
gically investing in hubs, especially the Ezhou Hub.
This helps SF Express maintain its competitiveness in
the Chinese express delivery industry. Furthermore,
some of these methodologies have been adapted to
support SF’s networks in Southeast Asia, which sup-
port SF’s current strategy to expand international
business.

Service Impact

This project generates continuous improvement in ser-
vice time, enhancing the customer experience. Accord-
ing to our estimation, this project has reduced the
delivery time of over 1 billion parcels to customers.
Further, it helped SF Express launch a new service:
that is, the half-day delivery service launched in 2022.
The intracity half-day service covers over 270 cities in
China, serving over 10 million individual customers
and over 1 million business customers (SF Express
Press Release 2024).

Impact on Academia

Realizing the importance of OR techniques, SF Express
actively interacts with multiple universities (mostly
domestic) on various optimization and analytics topics,
and it has held a few seminars and algorithm competi-
tions for the public. These actions bridge academia
and the industry, stimulating new research topics. For
instance, collaborating with the Georgia Institute of
Technology led to publications in top academic jour-
nals (Wu et al. 2022, 2023). We have observed emerging
follow-up studies on these topics, especially the intra-
city network design problem (e.g., He et al. 2022; Liu
et al. 2023a, b; Satici 2024; Satici and Dayarian 2024). In
addition, five graduate students from various universi-
ties with whom we collaborated have studied and
included the intracity same-day network design prob-
lem in their dissertations. These instances of the same-
day network design problem are available upon request
for research and educational purposes.

Transportability

According to Allied Market Research (2021), the global
express delivery market is projected to reach $484.38
billion by 2030, registering a compound annual growth
rate of 6.4% from 2021 to 2030. With this steady
growth, many cities worldwide will experience a sig-
nificantly larger volume of parcels. We anticipate that
SF’s two-echelon city logistics system will prevail as
express delivery service providers benefit from the
increasing customer density in the urban areas. They
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can use our planning framework or the separate net-
work design methods to build an efficient, time-
sensitive network with aggressive service levels.
Indeed, some of the methods from this project have
been adopted to support SF International’s network
design in Southeast Asia.

The OR team, representing SF, has undertaken a pro-
ject commissioned by the Minister of Transport of China
titled Route Optimization and Intelligent Scheduling in
Urban Distribution, which is specifically targeted to
reduce carbon emissions in urban freight transportation.
As one of the deliverables, SF has published a group
standard (Guangdong-Hong Kong-Macao Greater Bay
Area Standard Innovation Alliance 2024) to demon-
strate a standard and minimalist procedure for optimiz-
ing urban delivery by logistics companies and an
illustrative guideline that summarizes key candidate
actions (e.g., off-hour delivery, mobile depots, public
transit transportation, and crowdsourced delivery) to
reduce carbon emissions for logistics companies. In
addition, the two academic papers (Wu et al. 2022, 2023)
on intracity network design serve as advanced materials
for logistics experts to further improve network effi-
ciency. These documents could serve as references for
other logistics or express service providers. We note
that some of these algorithms have been integrated into
SF’s supply chain solution suite, which allows other cor-
porations using SF’s supply chain solution suite to solve
related routing and network design problems, such as
milk-run routing, interfacility logistics, and real-time
vehicle dispatching.

Lessons Learned from the Project

The network design project has resulted in significant
financial and environmental benefits and improved
customer experiences. In addition to technical innova-
tions and applying advanced OR methodologies, we
want to share some key elements contributing to suc-
cess during this journey.

Understanding the Business. Developing a deep under-
standing of the business has helped the OR team com-
municate efficiently with the network planning team,
properly abstracting the network design problems and
promoting the deployment of the developed models.

Learning from Human Experience. The planners’ experi-
ences and intuitions consistently impressed the OR
team during the collaboration. Some of these insights
inspired the design of algorithmic refinements inte-
grated into the solution methodology, significantly
enhancing solution efficiency.

Prioritizing Solving Correct Problems over Solving
Problems Correctly. Facing complicated network design
problems, the OR team insisted on spending a significant

amount of time to ensure the validity of the definition of
the metathetical problem before beginning the algorithm
design phase.

Allowing Perseverance to Prevail. Over the years, we
have continued to make incremental improvements in
modeling and algorithms, which have contributed to
efficiently solving these challenging problems. These
improvements would not have been possible without
the persistence of the OR team and the continuous
support from the network planning team and the
SF executives.

Conclusions
This project demonstrated the significant value of OR
and analytics in solving large-scale network planning
problems in practice. Although the network planning at
SF is a multistage process involving various stakeholders,
we invested considerable effort in understanding the
entire process to properly identify the critical and chal-
lenging problems. In addition, we developed advanced
algorithms to efficiently solve these large-scale problems.
This project has cumulatively saved SF over $1 billion,
decreased the delivery time of over 1 billion parcels, and
reduced millions of carbon emissions since 2018.
Motivated by this success, we continue to extend
the applications of OR at SF and expect more signifi-
cant benefits based on the applications of OR. In addi-
tion, we anticipate that OR and analytics as well as
the trending large language models are the building
blocks of intelligent agents to seamlessly support
logistics network planning in the future.

Acknowledgments

The authors thank the executives and the planning team of
SF Express for their vision and open minds to continuously
support the operations research team, which was key to the
success of this project. The authors also express gratitude to
Xinhui Zhang, Luciana Buriol, and Layek Abdel-Malek as
verifiers in the semifinal of the Franz Edelman Award. Addi-
tionally, the authors give special thanks to their coaches Xin-
hui Zhang, David Fernando Mufioz Negron, and Mikael
Ronngqvist for their guidance. The authors are also grateful to
the faculty of H. Milton Stewart School of Industrial and Sys-
tems Engineering, Georgia Institute of Technology for their
support during the collaboration.

Appendix A. Network Construction

The time-expanded network graph consists of time-expanded
nodes and time-expanded arcs. A time-expanded node repre-
sents a specific hub at a specific time point. A time-expanded
arc is a directed connection between two time-expanded
nodes. When constructing the time-expanded network, the
time points of time-expanded nodes represent delivery time
windows for parcels and schedules for line-hauls. Time-
expanded arcs represent candidate movements between hubs
or holding arcs (i.e., waiting) of the same hub.
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Additionally, some real-world constraints are implicitly
implemented by adjusting the time-expanded network. For
example, to enforce clearance and SLA constraints, limited
time-expanded nodes (restricted within time windows) are
generated for the origin and destination of commodities.

Appendix B. MIP Formulation
Consider a network G = (N, A), where N is the set of GHs
and A is the set of arcs. Further, let A% denote the set of
GHs associated with parcels’ destinations and A b Jenote
the set of GHs for transshipment.

We build a time-expanded network based on G, which is

denoted as ¢ = (W T,flT). Among them, N T is the set of
time-expanded nodes. Each time-expanded node is associ-
ated with a number of docks L; € Z** and a sortation capac-
ity P; e R™" in terms of parcels. Let A’ = AT UHT denote
the set of time-expanded arcs, where AT is the set of candi-
date line-hauls (or task arcs) and H! is the set of holding

arcs. Let N7 denote the set of time-expanded nodes
associated with transshipping GHs. For a time-expanded

nodeie N T, denote fliT’)', f_\iT’* as the set of outbound and
inbound time-expanded arcs, respectively. Let AT,
A= T denote the set of road and rail task arcs, respectively.
Additionally, each task arc a € ARLT s associated with a
free capacity Qfree.

Denote K as the set of commodities. Each commodity k €
K is associated with a tuple (ox, dx, ex, Ik, 'k, qx), where ox and
dy are the origin and destination gateway hubs, ¢; and I are
the ready time at the origin and the due time at the destina-
tion, ry is the product type, and gy is the quantity of parcels.
Let R denote the set of product types and V denote the set
of vehicle types. A vehicle type v is associated with a capac-
ity Q, in terms of parcels. Let cf denote the sortation cost on
a task arc or reward of achieving better service levels on a
holding arc of commodity k. Let ¢! denote the transporta-
tion cost of vehicle type v on task arc a, which is propor-
tional to the distance of arc a.

Based on these notations, we define our decision vari-
ables as follows:

o X eB,keK,ae A": whether commodity k selects arc a;

e yYeN",veVae AT umber of vehicles of vehicle
type v in task arc a;

o 1, €B,ae A7 whether task arc a is selected; and

o 2eBac Al ie N T g e ardest 4 e R: whether com-
modities of product type r and destination d select arc a.

The mathematical formulation of the intercity ground
network is shown as follows:

. k. k V40
min >} Gt D av (B.1a)
kel geA” VeV pe groad, T

1,  i= (o e,

st Yy oxh— Y =01, i=(dh), (B.1b)

ac A" acAjr” 0, o.w.,

vie N, kek,

> gk <> Quys, Vae AT, (B.1¢)
kel veY

Z gt < Qfree, Ya e AT (B.1d)
kekC

Zy}; < Fu,, Ya € A7 F is a large number, (B.1le)

veY

> ug <Ly, VieNT, (B.1f)
aEAIT’+
S dae <Py, VieNT, (B.1g)
kel uGAfTﬁ

S <1, VieN"™ T de N reR,  (Blh)
v

xk <z Yke K, ae AT, (B.1i)
xkeB, Vae AT, ke Kk,

yWeN, Vae AT yey,

U, €B, Yae AT

T+ .
ZieB, Vac A, ie N™T,de N* reR.

Objective (B.1a) minimizes the total operational cost (i.e.,
transportation cost and sortation cost) minus the reward of
achieving better service levels. Constraints (B.1b) are the
classic “flow balance constraints,” ensuring that each com-
modity finds a feasible route from its origin to its destina-
tion within the time windows. Constraints (B.1c) and (B.1d)
ensure that the volume on the arc does not exceed its capac-
ity. Constraints (B.le) and (B.1f) guarantee the docking
capacity. Constraints (B.1g) guarantee the sorting capacity.
Constraints (B.1h) and (B.1i) restrict the network plan to
respect the in-tree property, where a group of commodities
with the same destination is transshipped to a single next
GH (Bakir et al. 2021).
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