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Abstract. In this study, we propose the time-distance accessibility of public
transport considering in-vehicle crowding. It is an indicator that measures
how easy to reach other areas by travel times. The time-distance includes not
only general factors such as in-vehicle time, out-of-vehicle time, and transfer
penalties but also feelings of exhaustion due to in-vehicle crowding level. The
crowding was computed by smart card data. We analyzed the accessibility of
public transport in the Seoul city by using the proposed index.
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1.

Introduction

The time-distance accessibility is an indicator that measures how easy to
reach other areas by travel times (Lee et al. 2014). The time-distance of public
transport includes in-vehicle time, out-of-vehicle time. It may include psychological burden caused by transfer called transfer penalty. Some studies
have shown that passengers experience longer travel time than their actual
travel time if the crowding level in a vehicle is high (Wardman & Whelan 2011,
Tirachini et al. 2013, Jenelius 2018).
In this study, we propose the time-distance accessibility of public transport
considering in-vehicle crowding. As the automated fare collection system
was introduced and the use of smart cards became common, the calculation
of the number of passengers in a vehicle became easier. We computed
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crowding level of each vehicle using smart card data, and analyzed the timedistance accessibility of public transport in the Seoul city.

2.

Methodology

The time-distance accessibility considering in-vehicle crowding is defined as
Eq. 1. The 𝐴𝐴𝑖𝑖 is a accessibility of zone 𝑖𝑖, 𝑇𝑇𝑖𝑖𝑖𝑖∗ is a relative time-distance from
zone 𝑖𝑖 to 𝑗𝑗, 𝑛𝑛 is the total number of zones.
𝑛𝑛

𝐴𝐴𝑖𝑖 = − � 𝑇𝑇𝑖𝑖𝑖𝑖∗

Eq. 1

𝑇𝑇𝑖𝑖𝑖𝑖 = 𝑇𝑇𝑖𝑖𝑗𝑗𝐼𝐼𝐼𝐼 + 𝑇𝑇𝑖𝑖𝑖𝑖𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 + 𝑇𝑇𝑖𝑖𝑖𝑖𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 + 𝑇𝑇𝑖𝑖𝑖𝑖𝑃𝑃

Eq. 2

𝑇𝑇𝑖𝑖𝑖𝑖∗ = 𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇�𝑋𝑋 𝑘𝑘 , (𝑖𝑖, 𝑗𝑗) ∈ 𝑋𝑋 𝑘𝑘

Eq. 3

𝑗𝑗(𝑗𝑗≠𝑖𝑖)

The time-distance 𝑇𝑇𝑖𝑖𝑖𝑖 is composed of the sum of the total in-vehicle time 𝑇𝑇𝑖𝑖𝑖𝑖𝐼𝐼𝐼𝐼 ,
total walking time 𝑇𝑇𝑖𝑖𝑖𝑖𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 , total waiting time 𝑇𝑇𝑖𝑖𝑖𝑖𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 , and total transfer penalty
𝑇𝑇𝑖𝑖𝑖𝑖𝑃𝑃 . The total transfer penalty is calculated by multiplying the number of
transfers by the time value of the psychological burden.
The relative time-distance 𝑇𝑇𝑖𝑖𝑖𝑖∗ is the deviation of 𝑇𝑇𝑖𝑖𝑖𝑖 from the average timedistance 𝑇𝑇�𝑋𝑋 𝑘𝑘 of all (𝑜𝑜, 𝑑𝑑) pairs within the same distance class with (𝑖𝑖, 𝑗𝑗). The
(𝑜𝑜, 𝑑𝑑) set 𝑋𝑋 𝑘𝑘 is classified by the integer distance class 𝑘𝑘 calculated by rounding off the distance function ℓ(𝑜𝑜, 𝑑𝑑).
𝑋𝑋 𝑘𝑘 = {(𝑜𝑜, 𝑑𝑑)|⌊ℓ(𝑜𝑜, 𝑑𝑑) + 0.5⌋ = 𝑘𝑘},

𝑘𝑘 ∈ ℤ

Eq. 4

If the relative time-distance from zone 𝑖𝑖 to 𝑗𝑗 is negative, it means that the
travel time of (𝑖𝑖, 𝑗𝑗) is faster than the average travel time of same distance class.
Therefore, the smaller the relative time-distance, the higher the accessibility.

The total in-vehicle time 𝑇𝑇𝑖𝑖𝑖𝑖𝐼𝐼𝐼𝐼 including crowding is shown in Eq. 5. It is cal𝐼𝐼𝐼𝐼
culated by multiplying an in-vehicle time 𝑡𝑡𝑖𝑖𝑖𝑖,𝑚𝑚
for each route by a time mul𝐼𝐼𝐼𝐼
tiplier 𝛽𝛽𝑖𝑖𝑖𝑖,𝑚𝑚 according to the crowding level of that route 𝑚𝑚.
𝐼𝐼𝐼𝐼
𝐼𝐼𝐼𝐼
𝑇𝑇𝑖𝑖𝑖𝑖𝐼𝐼𝐼𝐼 = � �𝛽𝛽𝑖𝑖𝑖𝑖,𝑚𝑚
× 𝑡𝑡𝑖𝑖𝑖𝑖,𝑚𝑚
�
𝑚𝑚

Table 1. An example of smart card data.
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The crowding level is calculated using smart card data. The smart card data
store records of individual passengers such as boarding / arrival time, station
and vehicle. The table 1 is an example of smart card data. Passengers 1 and 2
arrived at station 200 using route 1000 and passenger 2 used the next vehicle
of passenger 1. Also, passengers 1 and 3 used the same vehicle, and passenger
3 stayed longer in that vehicle.
The occupancy of each vehicle can be calculated, and dividing by the capacity
can calculate the crowding level. However, unlike the occupancy of bus, the
calculation of occupancy of subway is complex. This is because the tagging of
smart card in the subway takes place on platforms, not on vehicles. We are
currently studying a methodology for estimating the occupancy of subway.

Figure 1. The crowding in a specific bus route at the morning peak in Seoul city.

3.

Results

Due to the limitation of estimating the number of passengers in a train, we
analyzed the time-distance accessibility in Seoul city which does not reflected
in-vehicle crowding. The time-distance of (𝑜𝑜, 𝑑𝑑) is the minimum travel time,
and the penalty for a transfer is 5 minutes. We analyzed about 120 million
all-to-all public transport route.
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Figure 2. The time-distance accessibility of each transit stops in Seoul city.

Figure 3. The time-distance accessibility of each administrative areas in Seoul city.
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The figure 2 shows the accessibility of each transit stops. The accessibility
was normalized between 0 and 1. Thus, a stop that can be quickly moved to
all other stops has accessibility close to 1. High accessibility appeared in the
major urban centers and subway influential areas. Highly accessible stops
were formed along the subway lines. Low accessibility was mostly analyed in
the northern areas rather than the southern areas. In particular, accessibility
was poor in areas with low land prices. The figure 3 shows the accessibility
of public transport by administrative district.

4.

Conclusions

In this study, we proposed the concept of time-distance accessibility index
that contains the in-vehicle crowding based on the smart card data. It is possible to analyze the accessibility based on the travel time experienced by the
passengers. In future work, we plan to estimate the number of passengers in
a subway, and consider GIS data such as population and land use.
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