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DISCLAIMER: The problem presented here exemplifies one of several opportunities for 

Operations Research application in the Railway industry. We have simplified a real life 
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Title: Railroad Yard Operational Plan 

1. Introduction 
In railroad freight transportation, shipments are consolidated to benefit from economies of scale in 
core transportation costs. Railroad classification yards, also called marshaling or shunting yards, play 
an important role as consolidation nodes in rail freight transport networks. At classification yards, 
inbound trains are disassembled or humped; the railcars are uncoupled on the hump and roll onto 
the classification tracks by gravity. The railcars are then assembled in the forwarding yard (or 
departure area) area to generate the desired outbound trains via a system of tracks and switches. 
Through this procedure, railcars can be routed through the network in blocks in such a way that 
every origin-destination (OD) pair can be served avoiding a large number of end-to-end connections. 

Typically, railroad classification yards are classified into three yard types: hump yards, flat yards and 
gravity yards. A typical hump yard layout is shown in Figure 1. 

 

Receiving Area Departure AreaClassification AreaHump

Figure 1.  Layout of a typical classification yard 

The yard compound can be generally divided into three main areas, each of which consists of a set of 
parallel tracks: the Receiving Area where inbound railcars arrive, the Classification Area where 
railcars are rearranged and the Departure Area where sorted railcars wait until they are departed 
from the yard. Railcars are brought to the receiving area by inbound trains and pass through the yard 
from the receiving area to the departure area where they are fetched by outbound trains.  Humps 
make use of the gravitational pulling force between the receiving area and the classification area so 
that railcars can be rearranged without relying on (classification) engines. The classification area is 
often connected to the receiving area by one or more hump lead tracks; this allows for a repeated 
classification (re-hump) of railcars. The car storage capacities of these areas are mainly determined 
by the number of available tracks and their length. Due to limited space and scarcity of other 
resources, yards are physically capacitated in terms of (a) the number of cars that can be classified, 
(b) the number of blocks that can be made in a given time period, (c) the number of trains that can 
be received in a given time period, (d) the number of trains that can be dispatched in a given time 
period, and (e) the average dwell time. 

The main functions of a classification yard include (a) receiving railcars, (b) sorting of railcars into 
different groups, (c) storing railcars until their corresponding train departure time, and (d) building of 
outbound trains. The two main processes at each end of the yard compound can be described as 
follows: 

 Inbound trains enter the receiving area (on the left in Figure 1) and wait for sorting. Since 
only one bunch or “string” of railcars can be sorted at a time, the receiving area needs to 
ensure sufficient storage space for the trains that arrive later. When a train is ready for 
sorting or classification, it is pushed out of the receiving area through the hump. Each railcar 
or block of an inbound train is made to run into the classification track to which it is assigned. 
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Typically, the classification tracks in the classification area are already occupied by existing 
railcars. As a result, the railcars will couple automatically with the existing cars on the 
corresponding track when pushed onto a track. 

 Outbound trains leave the yard from the departure area (on the right in Figure 1). Engines 
pull strings of railcars from the departure end of the classification tracks to their designated 
tracks in the departure area. The railcars or “blocks” are assembled in accordance with the 
sequence of the railcar’s destination station to make up the outbound trains. 

During the classification process of a particular train, its railcars could be redistributed over several of 
the classification tracks, each corresponding to its designated destination stations or directions.  

The assignment (positioning) of railcars to (on) classification tracks is determined by multiple factors; 
among these, the designated outbound block for the railcar is the major determinant. Typically, each 
outbound block is assigned to a classification track. The positioning and movement of railcars on 
classification tracks synchronize the two main processes at each end of the classification area as both 
the sorting process and the train building process are carried on in a fairly continuous manner at the 
receiving end and at the departure end of the classification tracks, respectively. 

2. Problem Statement 

a. Overview 
Optimizing operational plans of a classification yard is very important for a railroad company as it 

helps fully utilize the limited resources of its rail network.  Typical yard planning performance 

measures for a yard can be: the number of inbound/outbound trains received/assembled, the 

number of blocks made, the number of cars handled, or the expected time in system per railcar. 

Earlier research has focused on minimizing the total waiting time of railcars at the yard. Please see 

references by Lin and Cheng (2009, 2011) for a list of performance measures definitions. 

To improve the overall yard throughput, an optimized yard operation plan is highly desirable. 
However, building a classification yard operation plan is challenging as it covers many interrelated 
operations and decisions, such as, the sequence of inbound trains’ disassembly, the sequence of 
outbound trains’ assembly, sorting plans at the hump, block-to-train assignment plan for 
classification tracks, etc.  

Essentially, given arrival times of the inbound trains, this problem aims to find the humping schedule 

and the departure times of the outbound trains subject to the different operational constraints in the 

yard. The goal is to minimize the total waiting time of railcars in the yard and maximize the total 

number of railcar processed during a certain period.  

Yard Capacity Optimization

Train Design 

Problem

Yard Operation 

Problem

Number of 

Inbound Trains, 

and Their Arrival 

Times

Number of Outbound 

Trains and Their 

Departure Time

Operational Constraints, 

Resources and Business 

Rules

 

Figure 2. Yard Operational Plan Optimization 
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b. Problem Input, Output and Assumption  

The overarching goal is to determine an optimized plan of a typical hump yard, supposing that the 

following information is known: 

1. Yard infrastructure 

 List of receiving tracks and their capacity in term of number of cars 

 List of classification tracks and their capacity in term of number of cars 

 List of departure tracks and their capacity in terms of number of cars 

2. Resources: 

 Number of hump engines 

 Number of pullback engines 

3. Operational parameters 

 Humping rate (e.g. 2.3 cars per min) 

 Minimum humping interval (e.g. 10 min between consecutive humping activities) 

 Technical inspection time for an inbound or outbound train 

 Expected time to perform a single track pull for each pullback engine (e.g. 10 min) 

 Expected time for each pullback engine to perform a multi-track pull (e.g. 15 min for each 

additional track) 

4. Operational constraints:  

 Minimum and maximum train size for outbound trains 

 Minimum inter-departure times for outbound trains 

 Business rules  associated with the order of cars in classification yard  

5. Outbound train pattern: 

 List of potential outbound trains 

 Feasible outbound block combinations 

 

Given the above input, participants need to determine: 

1. The arrival track for each inbound train. 

2. When to start humping each arrival track. 

3. Block-to-track assignments over time. 

4. When to pullback blocks to the departure tracks.   

5. Decide what the outbound train plan should be – departure times and contents of outbound 

trains.  

In order to develop appropriate quantitative-based analytical solution approaches, we make some 

simplifying assumptions as follows: 

1. No railcars are disallowed to move through the hump.  

2. An entire track gets humped. That is, no partial track humping is allowed. 

3. The sizes and shapes of all railcars are the same. 

4. There is only one hump engine working on the hump. 

5. A pullback engine is used to assemble the blocks or railcars from the hump into the assigned 
track. The assembly time is proportional to the number of connections, which is one less than 
the number of blocks or railcars. 
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6. Typically, the number of railcars assembled in a train is required to be within a certain range. For 
example, a typical outbound train has between 30 and 40 cars. An exception to this rule is “local 
trains” which only run within adjacent districts.  

7. The total time to disassemble an inbound train includes The total time to disassemble an 
inbound train includes the time required to move 

 a railcar from the receiving area, over the hump and then to the classification area, and 

 an engine running from the hump to the inbound train track in the receiving area. 

8. The overall time of assembling an outbound train includes the time required to assemble an 
engine running from the departure area to the classification tracks in the classification area. 

9. A range of technical inspections are required for inbound trains (following the arrival of the 
trains) at the receiving area and for outbound trains (preceding the departure) at the departure 
area. Typically, the time for technical inspections is proportional to the number of railcars being 
processed and the time per railcar on the receiving area is shorter than that on the departure 
area. For simplicity, we assume a constant inspection time duration for both areas.  

10. Pullback engines need extra time to run from one track to another when the railcars or blocks 
stored on different classification tracks are to be assembled into the same outbound train. There 
are sufficiently many outbound engines to satisfy the requirements of outbound train departure. 

11. At the beginning of the planning horizon, the hump engines are located at the hump, and the 
pullback engines are located at the departure area. 

12. Each classification track is dedicated to a particular block at a given time.  Yet, block-to-track 
assignments can change during the planning horizon. 

13. No reclassification is considered in this competition as the sequences of blocks in outbound 
trains are not required.  

14. Other resource not listed here are unrestricted. 

3. An Illustrative Example 
We consider a classification yard with a typical layout, as shown in Figure 3: a receiving area with 

four tracks (R1:R4), a classification area with six tracks (C1:C6) and a departure area with four tracks 

(D1:D4).  

 

C1
C2
C3

C4
C5
C6

R1
R2
R3
R4

D1
D2

D3
D4

Hump

 

Figure 3 Layout of the classification yard 

 

There is a single hump engine and a single pullback engine.  The processing/activity times for the 

tasks are listed in Table 1. 
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Table 1 Time Required for Technical Tasks 

Technical inspection time (same for inbound 
and outbound trains) 

30 min 

Average time of humping per railcar 0.4 min (i.e. 2.5 cars per min) 

Minimum humping interval between 
consecutive trains 

8 min 

Average time to perform a single track  pull; 

Average time to perform an additional track 

for a multi-track pull 

5 min 

Average time of combining blocks per track 3 min 

 

Each track area is limited with a track capacity constraint in terms of the maximum number of railcars 

that each track can hold in the corresponding area.  The track capacity limitations are 40, 50, and 40 

railcars, respectively for receiving area, classification area and departing area. 

Assuming an operational two-day warm-up period, we illustrate the input data and the 

corresponding planning decisions on a 3rd day of a planning period. It is reasonable to assume that 

some existing railcars have been stored in the classification area at the beginning of the third day, as 

shown in the example given in Table 2. For simplicity, one may assume that these railcars in the same 

classification track have been assembled in one block. 

Table 2.  Data for Existing Railcars in the Classification Yard at Beginning of Day 3 

Classification Track Number of Existing Railcars 

C1 8 
C2 14 
C3 9 
C4 11 
C5 10 
C6 18 

 
As part of the given input, the outbound block sequence specifies which blocks can be put together 

and their order on a departure train. The feasible block sequences are (1) unit trains “B1”, “B2”, “B3”, 

“B4”, “B5” and “B6”; (2) a combination of blocks “B5, B6”, i.e. the block B5 needs to be placed before 

the block of B6. 

To illustrate the planning decisions, we assume that the yard only operates from 9:00 AM to 
12:30PM on the third day.  As an input to the planning process, Table 3 provides the arrival times of 6 
inbound trains and the block ids/track number included in these inbound trains.  
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Table 3.  Inbound Train Timetable and Block Distribution 

Inbound Train No. Arrival Time 
Number of railcars in a block  

B1 B2 B3 B4 B5 B6 

i1 9：00 30 5   2  

i2 9：10   30 5 5  

i3 9：30 17 18  3   

i4 9：42   24 11  2 

i5 9：55 20 15     

i6 10:  05   10  19 7 

 
As the output of the planning process, Table 4 gives the departure times of 6 outbound trains, the 
block availability at different classification tracks. For example, tracks C3 and C4 have railcars with 
the blocks to be assembled in train o1. 
 

Table 4 Outbound Train Timetable 

Outbound Train No. Departure Time Classification Tracks 

o1 11：00 C3,C4 

o2 11：10 C1,C2 

o3 11：35 C1,C2 

o4 11：43 C3,C4 

o5 12：15 C5,C6 

o6 12：30 C1,C2 

 
In summary, these two tables are the results of the yard capacity planning process, which are also 
the outputs of the train design problem and the input to the yard operation problem. 
 

4. Detailed Solution Format 
The goal is to minimize the total railcar delay satisfying essential operational constraints. A 

participating team needs to submit the following data sheets in Excel Format. 
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a. Block-to-track assignment plan    

The participants need to determine a block-to-track assignment plan according to inbound train 

arrival and output train departure patterns. In this example, the block-to-track assignment has been 

greatly simplified so as to each block is assigned to each classification track as shown below.  

Table 5.  Block-to-track assignment plan (Sheet No.1: block_to_track_assignment) 

Track Block Day No Starting Time Ending Time 

C1 B1 3 9:30 12:30 

C2 B2 3 9:30 12:30 

C3 B3 3 9:30 12:30 

C4 B4 3 9:30 12:30 

C5 B5 3 9:30 12:30 

C6 B6 3 9:30 12:30 

b. Inbound train information 

 

Table 6.  Detailed attributes of inbound trains (Sheet No.2: inbound_train_info) 

Inbound 

Train No 

Day 

No 

Arriving 

time at 

receiving 

area 

Receiving 

track No 

Number 

of blocks 

(optional) 

Number 

of cars 

(optional) 

Destination of 

blocks (number of 

cars) (optional) 

Starting 

time of 

humping 

job 

Ending  

time of 

humping 

job 

i1 3 9：00 R1 3 37 B1(30);B2(5);B5(2) 9:38 9:53 

i2 
3 

9：10 R2 3 40 
B3(30); B4(5); 

B5(5) 
10:01 10:17 

i3 
3 

9：30 R3 3 38 
B1(17); B2(18); 

B4(3) 
10:25 10:41 

i4 
3 

9：42 R4 3 37 
B3(24); B4(11); 

B6(2) 
10:49 11:04 

i5 3 9：55 R1 2 35 B1(20); B2(15) 11:12 11:26 

i6 
3 

10:05 R2 3 36 
B3(10); B5(19); 

B6(7) 
11:34 11:49 

 

The first train arrives at the receiving area at 9:00 and then spends 30 min for technical inspection. 

The humping job starts at 9:30, and the hump engine takes 8 min to travel from the hump to the 

receiving area. The hump engine starts to disassemble railcars of the first train at 9:38, and those 37 

railcars takes about 37*0.4 = 14.8 min (rounded up to 15 min) to process.  Starting at 9:53, all the 
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railcars from inbound train i1 are assumed to be available on the corresponding tracks, namely C1, 

C2 and C5, on the classification area.  

After 9:53, it takes another 8 min for the hump engine to travel back to the receiving area and its 

second humping activity starts at 10:01. Train i2 has 40 railcars, which takes 40*0.4 min = 16 min to 

be humped, leading to the ending time of the humping job at 10:17. It should be noticed that, the 

technical inspection task for train i2 spans from 9:10 to 9:40, so this train is available to be processed 

when the hump engine comes back to the receiving area at 10:01. As an example, if this train arrives 

at the receiving area at 9:40, then its availability is delayed to 10:10, and then in this case the hump 

engine has to wait till 10:10 to start to disassemble the railcars from the second train.   

Similarly, the third train i3 is available 30 min after its arrival time at the receiving area, that is, 

9:42+30min = 10:12, and the related third humping activity starts at 10:25. Its 38 railcars takes 15.2 

(rounded up to 16) min to be humped. File no. 3 titled “solution_inbound_train_pattern.csv” is used 

to describe the given and actual proportions of blocks in the final solution. 

c. Outbound train information 

Table 7.  Detailed attributes of outbound trains (Sheet No.3: outbound_train_info) 

outbound 

Train No 

Day 

No 

Pullback 

engine 

no 

Starting 

time of 

pullback 

job 

Ending 

time of 

pullback 

job 

departure 

time at 

departure 

area 

Departure 

track No 

number 

of blocks 

number 

of 

railcars 

destination 

of blocks 

(associated 

number of 

cars) 

o1 3 1 10:22 10:28 11：00 D1 2 39 B3(39) 

o2 3 1 10:33 10:39 11：10 D2 2 38 B1(38) 

o3 3 1 10:44 10:53 11：35 D3 3 37 B2(37) 

o4 3 1 10:58 11:10 11：43 D4 4 30 B4(30) 

o5 3 
1 

11:15 11:35 12：15 D1 5 37 
B5(17); 

B6(20) 

o6 3 1 11:40 11:46 12：30 D2 2 37 B 1(37) 

 

The first outbound train has 39 railcars from classification track C3.  It is important to trace the 

sources of those railcars. First, Table 2 indicates that there are 9 railcars on track C3 at the beginning 

of the planning horizon. Second, by checking Table 3, 30 railcars from block B3 come from inbound 

train i2 which arrives at 9:10. Those cars are available on the classification area at 10:17, described by 

Table 6. 

Thus, the pullback engine starts to work at 10:17, and it takes 5 min to travel from the departure 

area to classification track C3. Recall that, there are 2 blocks on track C3, that is, 9 existing railcars at 

9:00, 30 railcars from inbound train i2.  According to Table 1, each block takes about 3 min to be 

connected, so those two blocks require 6 min, leading to the ending time of the pullback job at 10:28 
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(=10:17+5+2*3).  Furthermore, outbound train o1 is formed and it takes another 30 min to complete 

the technical inspection, being available at 10:58 for the scheduled departure time at 11:00. 

The second outbound train is processed after 10:33 (10:28+ 5 min of travel time).  This train includes 

38 railcars coming from 8 existing and 30 railcars from inbound train i1. Described in Table 6, both 

blocks are already available after 9:53, and the pullback job takes 2*3=6 min to finish at 10:39. The 

scheduled departure time is 11:10 after 30 min of inspection time. 

The third outbound train o3 has three blocks on track C2, including 14 existing railcars, 5 from i1 and 

18 from i3 (described in Table 3). Thus 3*3=9 min is spent on the whole pullback job, leading to the 

ending time of 10:53. 

Outbound train o4 includes 4 blocks coming from track C4, so it takes 12 min until 11:10 to finish the 

pullback job. The 5th outbound train o5 has special case of pulling railcars from two different tracks 

C5 and C6. It has 5 blocks includes two existing blocks at 9:00 and three more received from inbound 

trains i1, i2 and i4, shown in Table 3. The total pullback time is 5 blocks *3 min + 5 min for additional 

track = 20 min. So the pullback engine completes its job for o5 at 11:35.  The 5th outbound train is an 

only train with two blocks, so we need to ensure that it meets the outbound block sequence 

constraint “B5, B6”. Outbound train o6 has 37 railcars, and those 2 blocks come from train i3 and i5, 

shown in Table 3, the second block is available at 10:26 from Table 6. 

It should be noted that the related pullback activity has to be delayed when a block is not available 

yet. 

d. Railcar Itinerary 

The participants also need to submit a file that describes the timestamps of each railcar at critical 

positions of the yard.  Table 8 shows the 30 railcars’ itinerary at the yard (from inbound train i1 to 

outbound train o2).  

Table 8.  Detailed itinerary of each car in the yard (Sheet No.4: railcar_itinerary) 

Car 

No 

Des

tina

tion 

of 

bloc

k 

Inb

oun

d 

Trai

n 

No 

Arri

val 

Day 

No 

arrivi

ng 

time 

at 

recei

ving 

area 

Rec

eivi

ng 

trac

k 

No. 

Starti

ng 

time 

of 

hum

ping 

job 

Endin

g  

time 

of 

humpi

ng job 

Dep

artu

re 

Day 

No 

Pull

back 

engi

ne 

No 

Star

ting 

time 

of 

pull

back 

job 

Endi

ng 

time 

of 

pull

back 

job 

depa

rture 

time 

at 

depa

rture 

area 

outb

ound 

Train 

No 

Depa

rture 

track 

No. 

000

1 

B1 i1 3 9：

00 

R1 9:38 9:53 3 1 10:3

3 

10:3

9 

11：

10 

o2 
D2 

000

2 

B1 i1 3 9：

00 

R1 9:38 9:53 3 1 10:3

3 

10:3

9 

11：

10 

o2 D2 

…               

003

0 

B1 i1 3 9：

00 

R1 9:38 9:53 3 1 10:3

3 

10:3

9 

11：

10 

o2 D2 
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Accordingly, plots can be generated to describe the time-dependent number of cars on receiving 

area, classification area (for each track) and departure area. These plots are used to check if the 

spatial capacity requirements are met. 

 

Figure4 Time-dependent number of railcars on classification track C1  

Figure 4 plots the number of railcars on track C1 and the related events include: 

 8 existing railcars from 9:00, 

 30 more railcars from inbound trains at 9:58, 

 outbound train o2 pulls all 38 railcars out of track C1 at 10:39, leaving an empty track at 

10:40, 

 inbound train i3 sends another 17 railcars at 10:41, and inbound train i5 sends 20 railcars at 

11:26,and 

 all 37 railcars are pulled to outbound train o6 at 11:46, and the track keeps empty till the 

end of planning horizon. 

 

In addition to the tables provided as part of the solution, the solution reports (manuscripts) should 

also discuss the following performance measures: 

(i) The total waiting time of railcars through the yard is calculated as follows: 

1) If a car arrives after the beginning of the planning horizon TS and leaves before the end 

of the planning horizon TE, then, its waiting time is T2-T1, where T2=its arrival time at the 

departure area and T1= its arrival time at the receiving area. 

2) For an existing railcar in the yard at the beginning of the planning horizon, T1 is set to TS. 

3) For a railcar still in the yard at the end of the planning horizon, T2 is set to TE. 

The unit of waiting time is # of railcars*min. Accordingly, the team should submit 

performance measures such as average waiting time, maximum waiting time, minimum 

waiting time. 

(ii) The total number of cars being processed per day (the number of railcars through the yard). 
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5. Solution Evaluation 
 

A list of feasibility constraints will be checked for the viability of the solutions is as follows: 

1. Time headway requirements: train inter-departure intervals; humping rate; minimum humping 

interval between consecutive humping activities. 

2. Space capacity: the maximum number of inbound trains (or outbound trains) standing in the 

receiving area (or departure area), the maximum number of railcars held in each track (mainly in 

classification area) at any time. 

3. Processing time constraints: average time to perform a single track or a multiple-track pull, and 

average time for a pullback engine to couple per block per train. 

4. Other constraints:  

a) Each classification track is dedicated to a particular block at a given time. 

b) The train size could be from 25 to 150 cars. The length of train can be treated as a soft 

constraint, while a penalty will be added in the final solution evaluation for violating it.   

c) Each pullback job (single track or multi-track pull) can only hold up to 140 cars. 

d) If the proposed solution algorithm cannot handle the entire planning horizon, a solution 

with a shorter planning horizon (e.g. 7 days) can be submitted, while a penalty will be also 

added in the final evaluation stage.  

 

In addition to the impact on operational plans, the proposed methodology should also be evaluated 

from a higher level planning perspective. In this respect, analyzing the impact long-term yard 

throughput and capacity-related decisions on day-to-day operations, a railroad company is also 

interested in the following questions: 

1. How will fluctuations in train arrivals impact the expected number of trains departing the yard? 

2. Where are the bottlenecks on this yard, if any? 

3. If the outbound trains can depart on time according to their schedules, how many additional 

inbound trains, blocks and cars can be processed by the yard? 

4. What is the capacity impact of increasing the current block size on the inbound trains or creating 

new trains that are similar to the existing ones in a given time period? 

Based on the approach and the methodology that provides the operational plan, the above issues 

should also be discussed in the solution report. 
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2013 RAS Problem Competition Data Sheet 

Planning Horizon and Evaluation Period:  

We consider 24 hours as the planning horizon of a single day in all data sets except data set 1. We 

consider the first two days as the warm-up period. The capacity output and operation performance 

are evaluated on day 3 only for the first data set, and between 3rd- 18th day for data sets 2, 3, 4 and 

5.   

Given Data for Data Set 1: 

The given input data for data set 1 is modified from the illustrative example. 

Given Data for Data Sets 2, 3, 4 and 5 

1. Yard Infrastructure 

 Receiving area:  10 receiving tracks, each can hold up to 185 cars 

 Classification area: 42 classification tracks, each can hold up to 60 cars 

 Departure area: 7 departure tracks, each can hold up to 207 cars 

 

2. Resources: 

 One hump engine: means only one hump can be performed at any given time 

 Two pullback engines: means two concurrent pullback jobs 

 

3. Operational Parameters: 

 Maximum humping rate: 2.2 cars/min 

 Minimum humping interval: 10 min between consecutive humping activities 

 Technical inspection time is 45 min for both inbound and outbound trains. 

 Average time to perform a single track pull: 10 min 

 Average time to perform a multi-track pull: 15 min for each additional track 

 Minimum and maximum train sizes are 25 cars and 150 cars, respectively.  

Remarks: The illustrative example calculates the pullback time as a function of blocks to be handled. 

For simplicity, the parameters described here only distinguish single-track pulls vs. multi-track pulls, 

regardless of the number of blocks on each track.  

4. Operational Constraints: 

 Minimum train inter-departure time: 10 min 

 

Outbound Train Combinations  
The following block combinations provide information on which blocks can be put together into a 

single outbound train. The sequences of blocks in outbound trains are not required in this 

competition. For example, “AF, AW, AY” means you can have following combinations of blocks on the 

train “AF”, “AW”, “AY”, “AF, AW,”  “AF, AY”, “AW, AY”, “AF, AW, AY”.  Some blocks (e.g. AM) are not 

present in the sequences below, this means that these blocks form unit trains.  

1. Data Sets 2 and 3: 
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Simplified Block Combination 

"AD, AF" 

"AF, AW, AY" 

"AH, AK", 

"AN, AP, AJ, BG" 

"AR, AW, AY" 

2. Data Sets 4 and 5: 

"AA, AJ, AN, AP, BC, BE" 

"AA, AJ, AN, AP, BG” 

"AB, AD, AF, AS, AU, BA, BB” 

"AB, AF, AW" 

"AC, AG, AX" 

"AE, AH, AK" 

"AF, AW, AY" 

"AH, AK, AT" 

"AI, AL" 

"AP, BE, BF" 

"AQ, BD" 

"AR, AW, AY" 

"AV, AZ" 
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Solving the Railway Yard Operation Problem: Greedy Heuristics, Integer 

Programming Models, and Waiting Time Approximations 

Team Rail-Opt: Hai WANG(1),  Jiangang JIN(2), Maokai LIN(1)  

Operations Research Center, Massachusetts Institute of Technology (1)  

School of Naval Architecture, Ocean & Civil Engineering, Shanghai Jiao Tong University, China (2) 

 

1. Introduction 

The railway train-scheduling problem is very interesting yet challenging. In the past two months, we 

iterated and improved our ideas of solving the problem over many discussions. In this report, we introduce 

the approaches we tried, and discuss the theoretical and practical considerations in these approaches. We 

first introduce a greedy algorithm and some effective heuristics used in the algorithm, then we introduce a 

complete mixed integer programming formulation (MIP), from which we derive a rolling-horizon 

approximation in the next section in order to solve it in acceptable time. We also show computational 

results and discuss some insights that helped us understand the classification yard system. A theoretical 

expression is obtained to approximate the most important measure, waiting time for railcars. In the 

appendix, we also provide a binary integer programming formulation (BIP), which has a nice structure and 

could potentially be solved using decomposition methods.  

 

2. Greedy Algorithms 

For a complicated practical optimization problem, greedy approaches are often the first to try. In many 

occasions, greedy approach also turns out to provide a good approximation to the optimal solution. When 

trying to solve the train-scheduling problem, we also tried greedy algorithms first. Our greedy algorithm 

partitions the whole process into two parts: 

1) Given the distribution of all train blocks in the classification tracks, determine the best make-up of 

next outbound train that minimizes the overall waiting time. (Criterion 1) 

2) Decide the humping sequence for inbound trains. The decision is based on the classification tracks 

distribution after humping the train, and we call part 1 as a sub-procedure in the process. (Criterion 2) 

The process of greedy algorithm is described as follows: 
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Do WHILE         

IF one inbound train arrives or is waiting outside yard AND there is available receiving track: 

  Assign the inbound train to one available receiving track; 

IF there are inbound trains waiting in receiving tracks AND hump engine is available: 

  Choose and hump an inbound train - Greedy criterion 2; 

  Railcars in the humped inbound trains arrives at classification track at time        ; 

  Receiving track of the humped train become available at time  ; 

  Hump engine is not available until time           ; 

IF one pullback engine is available:  

FOR all possible outbound train pattern: 

IF railcars on classification tracks can make up the train pattern and satisfy train 

size constrain, call it “feasible”, 

Choose and pull an outbound train from feasible patterns  -  Greedy criterion 1 

 The outbound train arrive at departure track at time            ; 

 The pullback engine is not available until time            ; 

IF time after previous departure train >10 AND outbound train is waiting at departure track: 

  Depart the longest outbound train from the departure track; 

For criterion 1, our algorithm decides the next outbound train based on value    in (1), which is an 

approximation for waiting time caused to other railcars if we pull outbound train pattern  .     is the 

pullback time for outbound train  , and     is the number of remaining railcars on classification area after 

we pull outbound train  . We tried many other criteria, but    criterion always works the best.   

            (1) 

For criterion 2, which is used to determine the next train to hump, we tried various criteria. A simple 

criterion is: examine all inbound trains that have arrived and been waiting in the receiving tracks, hump the 

longest train; Another criterion is to compute an approximation of extra waiting time caused by humping 

each train, and choose the one causing the minimum extra waiting time. This criterion is more complicated 

and is specified in Appendix 1. 

 

3. Exact Formulation for Mixed Integer Programming (MIP) 

In this section, we provide a Mixed Integer Programming (MIP) formulation for the railway yard operation 

problem, with decision variables representing the operations of the hump engine and two pullback engines, 

as well as the movement of railcars through the whole railway yard. We define the notations as follows: 
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Parameters: 

   : length of decision interval, set to 1 minute in exact formulation; 

     : number of railcars of type   brought in by inbound train  ; 

   
  : 1 if   is the earliest time at which inbound train   can finish humping; 0 otherwise; 

     : 1 if block type   could be assembled into outbound train type  ; 0 otherwise; 

    : time length to hump inbound train  ; 

     [    ] : length of humping time period of inbound train  , where operator [ ] takes the integer 

closest to real number  ; 

    : time length to pull outbound train type  ; 

     [    ]: length of pullback time period of outbound train type  ; 

    : minimum outbound train size; 

    : maximum outbound train size; 

Decision variables: 

   
  :   if inbound train   finish humping during time period  ; 0 otherwise; 

   
     : number of railcars of type   that are pulled to form outbound trains during time period  ; 

    
     : number of railcars of type   that are pulled to form outbound train   during time period   ; 

     
  : 1 if outbound train type   is pulled by pullback engine   at time  ,   {   }; 0 otherwise; 

Intermediate variables: 

    
    : number of railcars of type   from inbound train   that remain in the receiving tracks at the 

end of time period  ; 

   
    : number of railcars of type   that remain waiting in the classification tracks at the end of 

time period  ; 

Table 1: Notations for MIP exact formulation 

The railway yard operations problem is considered as a network flow problem and the decision variables 

are defined to track the movement of the railcars in the network. Figure 1 shows an illustrative example for 

the network representation of data set 1. There are three types of nodes: inbound train nodes, block type 

nodes, and outbound train nodes. Note that the outbound train nodes are defined with respect to each 

possible block combination (In the illustrative example in Figure 1, 9 outbound train types are specifically 

defined).  

With the notations defined above, the railway yard operations problem could be formulated as a mixed 

integer linear programming model. The objective function is defined to minimize the sum of the time spent 

by all railcars in the whole yard: (a) waiting time in the receiving area; (b) waiting time in the classification 

area; and (c) processing/pullback time in the departure area. 
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           ∑∑∑   
 

   

    ∑∑  
 

  

 ∑∑∑     
 

   

 (2) 

 

Figure 1: Network representation for data set 1 

The formulation has the following constraints: 

1) Railcar flow in the receiving area: constraint (3) captures the number of railcars in the receiving 

tracks by linking the humping decision of the corresponding inbound train; constraint (4) defines the 

hump engine’s working schedule by ensuring that    consecutive time intervals are reserved 

exclusively for inbound train  . 

    
  ∑   

     
   

 

    

              (3) 

     
  ∑∑   

  
    

         
   

                 (4) 

2) Railcar flow in the classification area: constraint (5) defines the railcar status in the classification area 

by linking the intermediate variable   
  with humping decision   

  and pullback decision   
 ; the railcar 

flow from classification area to departure area is defined in constraint (6); as each outbound train type 

corresponds to a certain block combination, constraint (7) ensures that only those blocks belonging to 

the combination are allowed to form an outbound train. 

   
  ∑ ∑     

  

 

 

    

 ∑   
  

 

    

         (5) 
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  ∑   

 

 

         (6) 

    
                    (7) 

3) Pullback engine working schedule: constraint (8) reserves    consecutive time intervals if outbound 

train   is to be formed; constraint (9) ensures that only one outbound train of the same type could be 

formed at one time interval; 

       
  ∑ ∑  

    

  
         

    
    

                   {   } (8) 

 ∑     
 

  {   }

        (9) 

4) Outbound train size restriction: constraint (10) guarantees that all outbound trains follow the 

outbound train size restriction.  

    ∑     
 

  {   }

 ∑   
 

 

    ∑     
 

  {   }

            {   } (10) 

5) Domain of decision variables: 

   
      

  {   }           {   } (11) 

   
     

     
    

                (12) 

Note that in the formulation above, the capacity of receiving/classification/departure tracks is not 

considered. This is because there are always enough classification and departure tracks, while the 

bottleneck of the whole railway yard operation lies in the receiving track, as shown in the numerical 

experiments in Section 5. When the number of waiting inbound train exceeds the number of receiving 

tracks, some inbound trains could be instructed to wait outside the receiving area.  

In addition to the MIP model, we also provide a binary linear programming model (BIP), which is specified 

in Appendix 2. 

 

4. Rolling Horizon Approach for Solving the MIP 

The scale of the MIP model introduced above is too large to be solved directly by optimization softwares, 

such as CPLEX. Thus, two techniques are used in order to decompose the whole problem and solve it in a 

reasonable computational time. They are: (a) discretizing planning time, and (b) rolling horizon approach. 
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a) Discretizing planning time 

Observe that the humping time for an inbound train and the pullback time for an outbound train is at least 

10 minutes. Therefore, it is not necessary to make a decision at every minute in order to find a good 

solution. We discretize the whole planning time into every     -minute segments. In the computational 

experiments, we set      or      minutes.  

Because of the time discretization, for the      case, constraint (8) needs to be enhanced for   with 

      (when        . Constraint (13) ensures that each pullback engine is able to process at most two 

outbound trains during one      time interval, since a pullback job of two single-track outbound trains 

takes exactly 20 minutes. 

 ∑    
 

 

           {   } (13) 

b) Rolling horizon approach 

The second decomposition technique is to apply the rolling horizon approach to decompose the original 

problem into a series of smaller problems that can be solved much more efficiently by an optimization 

solver. Planning is conducted within a fixed horizon in which only the information in the immediate future 

is considered and the horizon runs continually. In an illustrative example in Figure 2, planning at time   

starts with updating the previous hump/pullback engine status of the previous horizon. Such information is 

used as an input for planning at the current time period. In order to make use of the future information, one 

horizon covers time intervals from   to    , but only the decisions of the first       time intervals are 

fixed, which are passed onto the next horizon starting from    . The horizon runs continually until the 

planning horizon covers the last time interval. So, by rolling the planning horizon, we decompose the 

original problem into a series of smaller ones. In the computational experiments, we set         

       and                  . 

 

Figure 2: Rolling horizon approach 

planning horizon at 
time

t t +t t + H t +t + H

planning horizon at 
time 

t +t

t
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With the decomposition techniques above, the size of the problem is significantly smaller and we are able 

to find near-optimal solutions within acceptable computational time. Due to the time discretization, the 

heuristic solution method generates a rough yard operation schedule (hump and pullback decision at each 

time interval). In order to get the exact schedule in minute, we run a simple simulation in which inbound 

trains are humped as early as possible and outbound trains are formed as early as possible. 

 

5. Computational Results 

We evaluate the three types of algorithms, i.e., greedy heuristics in Section 2, MIP model in Section 3, and 

BIP model in Appendix 2, for all the four datasets provided.  The greedy implementations are coded in Java 

and Python, the MIP and BIP implementations are coded in C++ invoking the commercial solver ILOG 

CPLEX for the integer program. We use default settings for all solver parameters except the CPU time 

limit for each rolling horizon in the MIP model is set to be 60s for dataset 2, 90s for dataset 3, 120s for 

dataset 4, and 180s for dataset 5. 

We define the waiting time of railcars as the elapsed time from “scheduled arrival time of the railcar’ 

inbound train” to “actual departure time of the railcar’ outbound train”. We do not use the “arrival time at 

receiving track of railcar’s inbound train”. The reason is that: in order to reduce the “waiting time on 

receiving tracks”, someone can simply delay every inbound train into receiving tracks only until the hump 

engine is available, but it is unreasonable in practice.  

 Greedy (Simple 

criterion) 

Greedy (Complicated 

criterion) 

MIP (Discretized time 

& Rolling horizon) 

Dataset Obj.(s)  Time(s) Obj.(min)  Time(s) Obj.(min)  Time(s) 

2 270.5 <5 266 <60 262.8 3600  

3 348.0 <5 357 <180 356.7 3600  

4 362.8 <5 360 <900 358.8 3600  

5 426.8 <5 427 <1200 433.8 3600 

Table 2: Computational results of different approaches on the four data sets 

Table 2 summarizes the objective values, average time for railcars spent in the railway yard in minutes, and 

the CUP time in seconds. The waiting time is for all the railcars in 18 days. The computational result shows 

the performance and advantages of each approach. The greedy heuristics with simple criterion generates 

high-quality solutions in a very short time, and some of the solutions are even better than the complicated 

greedy algorithm and the mathematical programming approaches. The greedy heuristics with complicated 

criterion generates some better solutions (not all) than the simple heuristic, but it takes a longer time to 
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solve (within 20 minutes on a normal laptop). The MIP model, with discretized time and rolling horizon, 

takes around 1 hour, but will provide the best solutions if there is not strict limitation about the running 

time. Without decomposition and IP techniques, it takes a long time to solve the BIP model. We do not 

provide its statistics here. 

There is a tradeoff between the quality of solutions and the solving time for the rolling horizon method. As 

the length of horizon becomes longer, the method provides better solutions. However, as the horizon gets 

longer, the number of decision variables and constrains increase exponentially for each small integer 

program, which takes much longer time to solve. 

 

6. Analysis and Discussion 

In this section, we analyze the resulted yard operational plan to gain some interesting insights; we also test 

the impacts of the change of different parameters by running more randomly generated data sets. 

a) Number of outbound train: more than twice of the number of inbound train. Since we do not need to 

balance the locomotive of inbound trains and outbound trains in the problem, the average size of outbound 

train is only around 30, which is less than half of the average inbound train size 70. 

b) Classification tracks: more than enough for the original inbound train settings. Only 13 (33) 

classification tracks are used in dataset 2 and 3 (4 and 5), i.e., one track for each block type. No railcars for 

a single block can exceed the classification track capacity during the yard operations.  

c) Number of block types in outbound trains: the average is between 2 to 3 for all the four datasets. It 

is affected by the arrival rate of the inbound trains, the humping and pullback speed, and the legitimate 

outbound train block combinations, etc. 

d) Hump rate   : affects the railcar moving speed from receiving area to classification area. Let    be the 

arrival rate of railcars per minute. Due to the 10 minutes interval between successive hump (which reduce 

real   ), the hump queue will “explode” when       but close to   . As can be seen from Table 3, for 

dataset 2 and 4, hump queue “explodes” when    reduces from 1.0 to 0.8 (         , for dataset 3 and 5, 

hump queue “explodes” when    reduces from 1.6 to 1.4 (        .  

 Hump rate (cars per minutes)    Arrival rate  

 0.8 1.0 1.4 1.6 2.2(base) 2.6 3.0    

Data set 2 EXP 1059.6 358.2 319.8 270.5 254.3 244.7      
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Data set 3 EXP EXP   EXP 801.9 347.9 277.1 249.5      

Data set 4 EXP 1148.7 448.4 411.2 362.7 347.8 337.0      

Data set 5 EXP EXP EXP 877.65 426.8 353.2 326.6      

Table 3: average time in system for railcars (obtained from the simple greedy algorithm) 

e) Pullback rate: affects the railcar moving speed from the classification area to the departure area. We 

test the sensitivity of the pullback rate in three settings. As can be seen from Table 4, the changes of 

pullback rate affect the time spent in system for railcars linearly.  

 Pullback rate (single track time, additional track time) 

 (5,10) (10,15) (base) (15,20) 

Data set 2 258.04 270.50 287.24 

Data set 3 334.84 347.99 366.57 

Data set 4 336.89 362.77 392.28 

Data set 5 398.45 426.83 457.17 

Table 4: average time in system for railcars (obtained from simple greedy algorithm) 

f) Block size of inbound trains: affects the railcar arrival rate   . With larger block size, the hump time 

for individual trains increases. If    increase close to    , the hump queue will “explode”. We generate new 

inputs and increase the block size proportionally from 1.2 to 2.0 based on the first three days’ schedule of 

dataset 2.  As can be seen from Table 5, when block size is enlarged from 1.8 to 2.0, the hump queue 

increase to infinity, which means the railway yard can process trains with larger block size, but no more 

than twice larger. 

Block size 

enlarge 

1.2 1.4 1.6 1.8 2.0 

Data set 2 (day 1-3) 276.3011 290.00 310.83 397.10 IQI 

Table 5: average time in system for railcars (obtained from simple greedy algorithm) 

g) Minimum size of outbound trains: a key parameter affecting the pullback engines’ load. Since we 

know that pullback engine capacity is relatively abundant (from the results of data set 2~5), the size of 

outbound trains is close to the minimum size requirement. If we increase the minimum size for outbound 

train, the time for railcars in the system will increase. 

 Minimum size of outbound trains 

 15 25 (base) 35 45 

Data set 2 244.1 270.50 299.7 329.4 

Data set 3 333.3 347.99 368.1 390.3 

Data set 4 312.9 362.77 417.8 478.1 

Data set 5 395.2 426.83 463.9 500.6 

Table 6: average time in system for railcars (obtained from simple greedy algorithm) 

h) Bottleneck analysis: firstly, for the current hump rate       , the maximum number of railcars 

humped per hour cannot exceed 132. Due to the interval requirement between hump, this amount could be 
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much smaller. On the contrary, if the pullback engines only process single-track outbound trains, they can 

pull at least                railcars per hour; if the pullback engines process double-track 

outbound trains, they can also pull at least                railcars per hour. The two pullback 

engines have a combined capacity much larger than the hump engine. Secondly, for dataset 3 and 5, the 

receiving tracks are not enough to hold all the inbound trains and some inbound trains must be delayed to 

enter the receiving area. Therefore, the bottleneck lies in (a) the railcar movement from the receiving area 

to the classification area, i.e., the hump engine capacity (if we want to reduce the waiting time of railcars), 

and (b) the receiving tracks (if we want to reduce inbound train delayed outside the yard).  

 

7. A Theoretical Approximation for Waiting Time 

We develop a simple approximation of average total time   for railcars spent in the railway yard, using 

technics from queuing theory and the inventory replenishment concept: 

   (
       

    

  

             

)  
 

   
 (

       

     

  )  (         
 

 
)           (14) 

We compare the approximated   and the   obtained from simulation, in a large range of hump rate from 

    to     for dataset 2 to 5. The magnitude of the errors is below 10%. The detailed derivation of the 

approximation and the evaluations are specified in Appendix 3. 

 

8. Conclusion and Future Direction 

In this study, we showed how we tackle the railway yard operational problem with various greedy 

heuristics, a mixed integer programming model, and a binary integer programming model. From the 

numerical experiments, we conclude that the mixed integer programming with discretized time period and 

rolling horizon approach performs the best if computational time is not strictly limited; a simple greedy can 

also provide high-quality operational plans in seconds. Future research will be focused on the speeding of 

the mixed-integer model, and Dantzig-Wolfe decomposition of the binary-integer model using its special 

structure.   
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Appendix 1: A More Complicated Greedy Algorithm 

To decide which inbound train to hump next, we examine the extra waiting time of other inbound trains. 

More specifically, we first identify the inbound trains of interest. We take the inbound train   that arrives 

next and get the time   that it could finish humping. All the trains that arrive before   are the trains “of 

interest” since for any train   that arrive after time  , we can hump train   without interfering  , therefore   

could not be the best candidate of the inbound train to be humped next. For an inbound train   of interest, 

we determine the extra waiting time it causes to other inbound trains consisting of the following three parts: 

1. The waiting time of the railcars in the classification yard before it is humped; 

2. The extra waiting time of other trains of interest; 

3. The waiting time of the railcars in the classification yard after the subsequent pullback jobs; 

The waiting time 1 is calculated by taking the product of the time the given train   finishes humping minus 

the time the last pullback job before train  's hump. 

The waiting time 2 is calculated as follows: for each train   of interest, where   is not equal to  , calculate 

time    that train   could have started its pullback job without waiting for train  , and the time    that train   

could start its pullback job after waiting for train  . The time difference       is the extra waiting time of 

train   if we decide to hump train   first. Summing all the extra waiting time of all trains of interest, we 

obtain the total extra waiting time of the trains of interest. 

The waiting time 3 is estimated as follows: Let time   be the earliest time that the next inbound train 

finishes humping, the waiting time of each railcar on the track is the gap between   and the time train   

finished its pullback jobs after humping. Summing the waiting time of all railcars, we obtain the waiting 

time of the railcars left in the classification yard after the pullback job of train   is done. 

The waiting time captures all the key elements of the extra waiting time of the railcars given train   is 

humped next. The waiting time includes the time waiting in the receiving track, and the time waiting in the 

classification yard. 

We then compare the extra waiting time for all trains of interest, and choose the one causing the minimum 

extra waiting time to hump next. 
 

Appendix 2: Formulation for Binary Integer Programming (BIP) 

In this appendix, we provide a binary integer model (BIP). We simply the problem by assuming that all 

blocks in a classification track should be pulled together. In such case, all decision variables are reduced to 

binaries with all constraints linear. 

Parameters: same as in MIP model 

Decision variables: 

   
      

  : same as in MIP model; 

         
  : 1 if type   block finishing hump at time period    is pulled by pullback engine   at time 

period   to compose outbound train type  ,     ,   {   }; 0 otherwise; 
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Intermediate variables: 

    
  : same as in MIP model; 

      : number of railcars that remain in the classification area at the end of time period  ; 

     
  : size of outbound train   during time period  , pulled by pullback engine  ,    {   }; 

Table 7: Notations for BLP formulation 

Objective: similar as in MIP model; 

           ∑∑∑   
 

   

    ∑  

 

 ∑∑  ∑     
 

  {   }  

 (15) 

Subject to the following constraints: 

1) Railcar flow in the receiving area:  Same as in MIP model; 

2) Railcar flow in the classification area: constraint (16) defines the railcar status in the classification 

area by the linking intermediate variable    with humping decision   
  and intermediate variables     

 , 

which is defined by Constraint (23): 

    ∑ ∑∑     
  

      

 ∑ ∑ ∑     
  

  {   }     

        (16) 

3) Pullback engine working schedule: constraints (17) and (18) are similar as in MIP model; the 

combinations of constraint (19) - (22) make sure that type   railcars finishing hump at time      is 

pulled to departure area if and only if no type   railcars are pulled during time    to    , as well as 

the outbound train pulled at time   need type   railcars. 

 ∑   ∑     
 

  {   } 

         (17) 

       
  ∑ ∑      

  
         

    
    

                   {   }   (18) 

 ∑        
  

   

     

  (            )                {   } (19) 

        
             ∑        

  
   

     

                  {   } (20) 

                 
                   {   } (21) 

                  
                {   } (22) 

4) Outbound train size restriction: similar as in MIP but with different expression for outbound train size. 

     
  ∑∑              ∑     

  

 

 

     

          {   }  (23) 

        
      

         
             {   } (24) 

5) Domain of decision variables: 

   
      

             {   }                {   } (25) 

    
         

                {   } (26) 
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Compared to the MIP model, we find that the BIP model contains only binary decision variables. Notice 

that the constraints in BLP can be partitioned into two groups: constraints (19)-(22) are mutual-independent 

for each block type  ; constraints  (17), (18), (23) and (24) are coupled constraints for pull back engine 

schedule. Due to this special structure, it could potentially be solved quickly using Dantzig-Wolfe 

decomposition. 
 

Appendix 3: Theoretical Approximation for Average Waiting Time  

   average total time for railcars spent in the railway yard; 

        average time for railcars spent on inspection in receiving tracks,          ; 

   : average time for railcars spent on waiting for humping in receiving tracks plus humping; 

     average time for railcars spent on waiting for pullback in classification track; 

       average time for railcars spent on being pullback; 

        average time for railcars spent on inspection in departure track,          ; 

   equivalent arrival rate of inbound train in hump queue system; 

    average number of railcars from an inbound train; 

  : real railcar hump rate; 

    average equivalent hump time for inbound train,            ; 

   equivalent service rate of hump engine in hump queue system,       ; 

   utilization ratio for hump queue system,      ; 

    random variables for number of railcars from an inbound train; 

    average number of railcars from inbound train; 

      : maximum number of railcars from inbound train; 

       : average number of railcars from inbound train; 

     expected second moment for number of railcars from inbound train; 

      minimum outbound train size,         in original model; 

  : number of block types brought from inbound train; 

    average number of tracks pulled for an outbound train; 

    average interval between successive successful hump;               ; 

Table 8: Notations for waiting time approximation 

As for    , we can consider the humping process as a single server queue. Inbound train waiting for hump 

is service demand and hump engine is the single server. We approximate the time spent in the queueing 

system for inbound trains using the conclusion of       queue, and then adjust it by the distribution of 

number of railcars per inbound train, to get the time spent in the queueing system for railcars. 

From queuing theory, the average time for inbound train in the system is approximated as:  

    
 

   
 (27) 
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Since hump engine tends to serve inbound train with more railcars earlier, for a railcar from an inbound 

train with    railcars, we approximate its time in the system       as: 
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Therefore,  
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As for    , it is the time to wait until enough railcars arrive for a certain type of outbound train: 
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As for      , it is the average time spent in pullback process,  

          (    )             (31) 

Therefore, our objective   can be approximated as: 
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(32) 

The performance of the approximations (32) for dataset 2-5 and varying hump rate is as follows: 

Hump rate    Dataset 2 Dataset 3 Dataset 4 Dataset 5 

1.8 4.32% 22.28% 15.01% 28.61% 

2.0 1.02% 2.70% 11.43% 11.93% 

2.2 -0.54% -1.31% 10.43% 9.37% 

2.4 -1.11% -1.19% 9.53% 10.17% 

2.6 -1.96% -0.67% 9.38% 11.09% 

2.8 -2.02% -1.15% 8.95% 11.04% 

3.0 -2.61% -1.26% 9.75% 10.35% 

3.2 -2.60% -1.19% 9.66% 10.14% 

3.4 -2.99% -1.85% 10.69% 9.97% 

3.6 -3.56% -2.33% 9.52% 10.09% 

3.8 -3.91% -2.70% 10.21% 10.00% 

4.0 -3.11% -2.55% 10.85% 9.80% 

Table 9: Errors of approximation   
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1. The solution framework 

The operational plans of railway classification yard determine the contents of disassembling and 
assembling events. It includes the arrival track, the humping starting and ending time, the hump engine, 
the block to track assignments for each inbound train; the assembling starting and ending time, the 
pullback engine, the departure time, the component blocks and storage track for each outbound train. 

The main optimization objective of operational plans in classification yard is to disassemble the 
inbound trains as soon as possible, and then assemble the separable blocks to new outbound trains so as 
to minimize the waiting time of railcars in the classification yard. For this goal, once an inbound train 
arrives at the receiving area, it should be disassembled quickly after the necessarily technical inspection. 
Similarly, an outbound train should be assembled once the storage railcars in classification area could 
form one. Nevertheless, it should be noted that some problems arise in the actual situation. Some 
inbound trains arriving at the receiving area cannot be disassembled in time as the capacity limitation 
of hump engine. Similarly, some railcars staying at the classification area cannot be assembled to 
outbound trains in time as the capacity limitation of pullback engine. In conclusion, the key of 
optimizing the operation plans in railway classification yard is to solve the following two problems: 

The disassembling sequence of inbound trains. Which inbound train should be chosen firstly to 
disassemble among the trains in the receiving area? 

The assembling sequence of railcars. Which railcars should be chosen firstly to assemble to an 
outbound train among the railcars in the classification area? 

In fact, we could optimize the operational plans based on the following two principles. Given the 
disassembling sequence of inbound trains, we should assemble the railcars with maximum number 
which could be gathered together to be an outbound train; given the assembling sequence of railcars, 
we should disassemble the trains having the maximum railcars which could be assembled to the next 
outbound train. Thus it can be seen that the above two problems relate with each other, and one 
problem could be solved according to the above principles while the other has been solved. Compared 
with solving the assembling sequence of railcars, the disassembling sequence of inbound trains is 
difficult to be dealt as it’s relatively more constraints, such as the arriving sequence of inbound trains, 
the track number in receiving area, etc. Thus we firstly solve the assembling sequence of railcars. 
Based on the acquired assembling sequence of railcars, we then choose which inbound train to be 
disassembled, arrange the hump/pullback engine and some relative contents. And the whole operational 
plans in railway classification yard can be got finally.  

However, the solution process is still a large-scale complex problem, although it has been 
simplified with the help of above transform strategy. Now we design the solution method for solving 
the assembling sequence of railcars, which combines the genetic algorithm and subsection rolling. 

On the one hand, as the long scale of planning horizon, it can’t efficiently and quickly search the 
solution space with a large scale if we encode the assembling sequence within the whole planning 
horizon; on the other hand, a long period of operational plan could be divided into several short period 
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sub-plans. Thus we optimize the assembling sequence of railcars by using sub-period rolling 
optimization, and the whole operation plans is also optimized simultaneously. We choose a relative 
short period (e.g. one day) every time from the starting time of planning horizon, and optimize the 
assembling sequence of railcars by using genetic algorithm. Then we roll forth a new period with the 
same length, hold the existing optimized code section in each individual unchanged, and take the new 
code section behind the existing code sections in this period as optimized object. The genetic algorithm 
once is utilized to optimize the code section in this period, as shown in figure 1. The whole operational 
plan could be gain by continuous optimizing individual code section in every period. It should be noted 
that this sub-period rolling optimization don’t optimize the sub-period plans separately, but 
simultaneously optimize all sub-period plans in time dimension with the aid of the outstanding parallel 
computation feature of genetic algorithm.  

…

individual 3

individual 2

Individual 1

…

Individual G

code section 1 code section 2

code section 1

code section 1

code section 1

code section 2

code section 2

code section 2

…

…

…

…

Optimization 
period 1

Optimization 
period 2 …

 
Fig.1 The optimization process combining genetic algorithm and sub-period polling 

2. Notations 
All relative symbols used in the optimizing process of operation plans are denoted as follows:    the track number of receiving area    = 1,2,⋯ ,   the track of receiving area    the track number of classification area      = 1,2,⋯ ,   the track of classification area     the maximum railcars can be hold in each track of classification area     the track number of departure area     = 1,2,⋯ ,   the track of departure area    the total number of inbound trains within planning horizon     = 1,2 pullback engine    block combinations which shows only railcars belong to the same block combinations could 

be put together into a single outbound train.      = { } the set of block combinations     = 1,2,⋯ ,   the inbound train     the arrival time of inbound train      the railcar sequence of train   |  | the total railcar number of train        the railcar   of train       the direction of railcar   in sequence    of train       the assigned classification track to the railcar   after humping train       the time at when the train   arrives at receiving area, if no free tracks exist when train   
arrives at receiving area,   ≠   ; otherwise,   =        the track of receiving area occupied by train   ℎ   the starting time of disassembling train   ℎ   the ending time of disassembling train       = 1,2,⋯ the outbound train 
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    the pullback engine which works for train       the railcar sequence of train        the starting time of assembling train        the ending time of assembling train       the track of departure area occupied by train       the departure time of train       the block combinations used by assembling train       the minimum train inter-departure time     the minimum humping interval   the humping rate: cars/min     the average time to perform a single track pull    the average time to perform a multi-track pull for each additional track 
Γ    the minimum outbound train sizes 
Γ    the maximum outbound train sizes    the technical inspection time for both inbound and outbound trains. [0,  ] the planning horizon  (  ,   ) the operational plans in the period (  ,   )     the inbound train stored in the track   of receiving area. If   = 0, it shows no train 

occupies this track at this time.    the railcars set stored in the track   of classification area     the outbound train stored in the track   of departure area. If   = 0, it shows no train 
occupies this track at this time.     the earliest time of hump engine can work from now on    the earliest time of pullback engine   can work from now on  ∗  the next inbound train which will arrives at the receiving area  ∗  the number of trains which have been assembled and is processed now  ∗ the block combinations which is chosen for the next outbound train     the train for which the hump engine works, If   = 0, it shows the hump engine is free.     the train for which the pullback engine   works, If   = 0, it shows the pullback engine is 
free. 

3. The events in the classification area 
We define six events which relate to the operation plans according to the real operations in the 

railway classification yard. The definition and occurrence prerequisite are shown in the table 1. 
Tab. 1 The definition and occurrence prerequisite of events 

number event name definition occurrence prerequisite 

1 Train arrival 
Train arrives at the receiving 
area 

 ① Train arrives at the station. 
② The receiving area exist free tracks. 

2 
Start of 

disassembling train 

The hump engine pushes the 
train to the hump and the 
humping begins. 

① The hump engine is free. 
② The receiving area exist some trains 

need to be disassembled. 
③ The classification area exist enough 

tracks to store the disassembled railcars. 

3 
End of disassembling 

train 

All railcars in a train have 
run into the assigned tracks 
in the classification area. 

① Disassembling the train completes. 

4 
Start of assembling 

train 

The pullback engine starts 
assembling blocks in the 
classification area. 

① The pullback engine is free. 
② There exist enough railcars which can be 

put together into an outbound train. 
③ The departure area exist free tracks. 
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5 
End of assembling 

train 

The outbound train has been 
formed and stays on the 
track of departure area. 

① Assembling the train completes. 

6 Train departure 
Train departs from the 
departure area. 

① Some outbound trains which complete 
the technical inspection exist. 

② The minimum inter-departure interval is 
satisfied. 

Whether the events defined in the tab. 1 occur rely on the satisfaction of relative prerequisites. 
The earliest time of event occurrence (which denotes the time at when this event occurs the first time 
from now on, all similar statements have the same meaning.) relies on the earliest time of satisfying all 
prerequisites. The occurrence of events would result in the complete or part change of operational 
equipments’ state, such as the hump/pullback engines, and the tracks in the 
receiving/classification/departure area.  

（1）Train arrival 
The receiving area should have free tracks when inbound train arrives. We denote the earliest time 

at when at least one free track exists as    , the free track as   (if there is more than one free tracks, 
we choose any one). The occurrence time of train arrival is the maximum between the arrival time   ∗ 
of next inbound train and the time     that free tracks exist.   =  max {  ∗ ,    } 

After the train arrival occurs, the inbound time of  ∗ is   ∗ =   , the storage track is   ∗ =  , 
and the state of track   would transfer from being free to being occupied, that is   =   ∗ 

（2）Start of disassembling train 
The prerequisites of the start of disassembling train require: firstly, the hump engine is free; 

secondly, some trains whose railcars could be totally humped into the classification tracks exist in the 
receiving area. We denote the earliest time at when at least one inbound train satisfying this 
requirement exists as   , and the earliest time at when the hump engine could work as   . Then the 
earliest time of the start of disassembling train can be deduced according to the relationship between    and   . Two situations should be taken into account. 

① the situation of   ≥    
For this situation, the earliest time of this event occurrence is the receiving area having a train 

which satisfies the requirement, and    =    
Supposing the only one train which satisfies the requirements is the train    located on the track  . 

② the situation of   <    
For this situation, the earliest time of this event occurrence is the earliest time that hump engine 

can work, and    =    
Because the number of trains which satisfy the requirement may add in the period (  ,   ], more than 
one train may exist until the time   . We denote this train set as   . In order to put more railcars 
together into the next outbound train, we choose the train which includes maximum blocks belonging 
to the next outbound train to disassemble. Supposing the train     located on the track   satisfies     ∗ = max     ′

 ∗    ′ ∈      

in which     ∗ is the number of railcars in the train   , whose directions belong to block combinations  ∗. 
After the start of disassembling train, the start time of disassembling train    is ℎ   =    , the 

state of hump engine would be transferred from free to busy, the state of track   would be transferred 
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from occupied to free, that is   =      = ℎ   +       +⁄      = 0 
（3）End of disassembling train 
 The end of disassembling train may occur only after disassembling train starts, if the hump 

engine doesn’t work now, the earliest time of the end of disassembling train is +∞, otherwise, it is the 
time at when the hump engine completes humping the current train   . That is     =  ℎ   +       ⁄   > 0+∞   = 0   
   After the end of disassembling train, the end time of disassembling train    is ℎ   =    , the track     assigned for railcars is determined as follows: if one track has stored railcars and the car number is 
less than its maximum storage capacity, then the railcar would be humped into this track, else any 
empty track would get this railcar. The state of hump engine would be transferred from busy to free, 
and the number of storage railcars of some tracks would add, that is   = 0   =   ∪           =   , = 1,2,⋯ ,                    ∀  

（4）Start of assembling train 
The prerequisites of the start of assembling train require: firstly, the departure area exist free 

tracks; secondly, at least one pullback engine is free; finally, there exist enough railcars which can be 
put together into a train. We denote the earliest time at when the departure area exist free tracks as    , 
the first pullback engine which can work as  , and its corresponding time as   = min{  ′}, and the 
time at when the number of railcars assembled according to the block combinations  ∗ meets the 
minimum outbound train size as   . Then the earliest time of the start of assembling train is     = max {   ,   ,   } 

After the start of assembling train, we could decide the start time of assembling the next outbound 
train to be   ∗ =    , its working engine   ∗ =   and its component railcars   . We determine the 
component railcars    in train  ∗  using the following method: firstly, choosing the block 
combinations in the  ∗ in a given sequence; secondly, choosing the classification track whose storage 
railcars belong to the given block combinations; finally if all railcars put together into a outbound train 
doesn’t exceed the maximum outbound train size, then do it, else, choosing the number of railcars so as 
to fit the maximum train size well. 

The corresponding state change includes the free pullback engine   turning into busy, the 
decrease of railcars in some classification tracks, that is   =  ∗   =   /   ∩          ∀  

（5）End of assembling train 
The end of assembling train may occur only after assembling train starts. If all pullback engines 

don’t work now, the earliest time of the end of assembling train is +∞, otherwise, it is the time at when 
the first pullback engine completes assembling the current train   . We denote the first pullback engine 
which completes assembling as  , and its completing time as  = min      ′

 +   +     ′ − 1 ∗       ′ > 0   
Therefore, the earliest time of the end of assembling train can be computed as    =  +∞ if ∀  = 0 else   
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After the end of assembling train, the end time of assembling train    is     =    , the busy 
pullback engine   turns into being free, and the free departure track storing train    turns into being 
occupied.    =      = 0   =    +    

（6）Train departure 
   The technical inspection and the minimum inter-departure interval should be satisfied before the 
outbound train departs. We denote the time at when the minimum inter-departure interval meets as   , 
and the time at when the first outbound train has completed the technical inspection as   . Then the 
time of train departure would be deduced according to the relationship between    and   . Also two 
situations should be taken into account. 

① If   ≤   , then the earliest time of train departure is   =   . And the next outbound train    
on the track   should complete the technical inspection firstly. 

② If   >   , then the earliest time of train departure is   =   . Because may some outbound 
trains completing the technical inspection wait for departure in the period  (  ,   ], we choose the train 
with the maximum number of railcars so as to send more cars out, and we also denote the next 
outbound train    located on the track  .  

After the train departure, the departure time of outbound train    is    =   , and the occupied 
departure track   turns into being free.   = 0 
4. The deduction method of deciding operational plans with the given assembling sequence of 

railcars 
Because only the railcars which belong to the same block combinations could be put together into 

a single outbound train, we decide the railcars which can be assembled in this outbound train giving the 
choosing block combinations. Here we take the sequence of block combinations in each assembling to 
describe the assembling sequence of railcars.  

For the given block combinations   , we decide the earliest time of each event occurrence 
according to the usage state of equipments in the yard from the starting time of planning horizon, and 
choose the earliest time of event occurrence. According to the given block combinations   , then we 
determine the usage state of equipments (i.e. train, engine, tracks) which relate to the current event, and 
update their states. We repeat the above approach (i.e. choosing the earliest occurring event and update 
the equipment state every time) to deduce the starting time of each event and related strategy (such as 
the determination of disassembling which train, the block to track assignment, the pullback engine, the 
storage track for outbound train, etc.) in the whole optimizing period. The operational plans in this 
period would be got according to the deduction result. The deduction framework of deciding 
operational plans when the assembling sequence of railcars is given is shown in figure 2. 
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Set the initial state of yard

Whether the occurrence 
time of earliest event stays in the horizon 

of simulation period?

Update the related state in the yard when event 
occurs

Compute the earliest occurrence time of each 
event

Update the earliest time of each event occurrence

Choose the event which occurs firstly

End simulation and output the 
operational plan

Y

N

Whether the event is the 
end of assembling train?

Choose the first block combination c* in CQ to 
service the next outbound train

Choose the next block combination 
c* in CQ to service the next 

outbound train

Y

N

Decide the strategy relating to the choosing event

 
Fig. 2 The deduction framework of deciding operational plans  

with the given assembling sequence of railcars 
The state in the yard comprises the usage states of receiving /classification / departure tracks, 

hump/pullback engines, we denote it as  =  {  }, {  }, {  },   ,   , {  }, {  } , and at the beginning of 
the planning horizon, the initial states of each equipment is determined as follows: 

（1）All tracks in the receiving/classification/departure area are empty,   = 0   = 1,2,⋯ ,     = ∅   = 1,2, ⋯ ,     = 0   = 1,2,⋯ ,   
（2）The initial state of hump engine is free, and its earliest working time is the time that the 

engine running from the hump arrives at the receiving area.   =      = 0 
（3）The initial states of two pullback engines are free, and they can work at once.   = 0      = 1,2    = 0        = 1,2  
According to the proposed approach in the section 3, we design the deduction algorithm of 

deciding operational plans with the given assembling sequence of railcars as follows: 
Input the block combinations sequence   , the planning horizon [  ,   ], the state  (  ) in the 

yard at the time    
Output the operational plans  (  ,   ) in the period [  ,  ] 
Start 

Determine the first inbound train  ∗, and the first outbound train  ∗ in the period [  ,  ]; 
Choose the first block combination  ∗ in the    to service the next outbound train; 
Compute the earliest occurrence time   ,    ,    ,    ,    ,    of each event; 
Compute the earliest event  , and its occurrence time   = min{  ,    ,    ,    ,    ,   }; 
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While   ≤    
Decide the related strategies when the event   occurs; 
Update the state  (  ) in the yard 
If the event   is the train arrival, then  ∗ =  ∗ + 1； 
If the event   is the end of assembling train, then  ∗ =  ∗ + 1； 

Choose the next block combinations  ∗ in the    to service the next outbound 
train; 
Update the earliest occurrence time   ,    ,    ,    ,    ,    of each event; 
Update the earliest event  , and its occurrence time   . 

End While 
End 

5. Optimizing the Operational Plans by Combining Genetic Algorithm and Sub-period Rolling 
In the follows, we firstly give the key technologies of genetic algorithm, and then the optimization 

steps of whole optimization algorithm are presented. 
5.1. Encoding and decoding 

We denote the number of block combinations in the candidate set   as | |, and take the integers 
between 1 and | | as coding gene, and different gene positions may have a same gene value. Each 
gene value in the code corresponds to the block combinations with the same number. Each code section 
can be divided into many small sections according to the optimization period, as shown in figure 3. The 
section length may differ as the number difference of assembled trains in each period. We denote    ,   ′  as the starting and ending position of the code section for individual   in period   respectivly. 

    

 
Fig. 3 The division of encoding section 

In the cross and variation operations, we need only handle the code section in the current period 
every time, and the optimized code section would be remained unchanged. We take a simple example 
to illustrate in the figure 4. When we optimize the operational plans in period 2, we operate only the 
code section 2 in the individuals   ,   ,   , and the code section 1 of each individual is not allowed to 
be changed. For the convenience of cross operation among individuals, we add gene position to hold 
the length of code section of each individual unchanged in the current period. As shown in figure 4, the 
bracketed number ‘3 1’ in individual    and ‘4’ in individual    are all added gene values. Because 
the new gene values in the individual code section affect neither the operational plan in this period, nor 
the value of individual fitness, we name they as invalid genes. We also denote the starting point of 

invalid genes as   ̅ , thus the genes between   ̅  and   ′  are all invalid genes. 

  

 
Fig.4 Hold the length of individual code section to be same 
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5.2. Individual fitness 
Individual fitness is the evaluation index for the quality of part code sections which starts from the 

starting position of whole individual code, and ends at the ending position of code section in the current 
period. In other words, it evaluates the operational plan till the end of current period. The computing 
method of fitness for individual    in the period [  ,   ] is described as follows: 

Firstly, compute the average waiting time    of arrival railcars in the yard in the period [0,   ]; 
Secondly, transfer the objective function value from minimizing the    to maximizing the   −   ; 
Finally, we compute the individual fitness    using the change of scale. 

  =  ((     )  ×    .   ⁄ )∑           ×    .   ⁄    ∈  

In which the   is the generation times, the   is the corresponding parameters relating to the change 
of scale. 
5.3. The method of generating the initial individual code section  

The individual code section is initialized stepwise with the rolling of optimization period. We 
generate the initial individual code section in each period as follows: 

Firstly, if the current period isn’t the first period, then all invalid genes in the code section in the 
precedent period are deleted; 

Secondly, we generate randomly an integer numeric string between 1 and | |, and take it as the 
sequence of block combinations for deducing the operational plans in this period. All unused numbers 
in the numeric string are deleted at the end of deduction, and the remaining numeric string is just the 
code section in this period. If the quantity of block combinations can’t meet the requirements of 
deduction process, we go on generating randomly integer between 1 and | | and add it to the end of 
numeric string. 

Finally, we compute the maximum length of code section of all individuals in the current period, 
and then we add genes for those individual code sections with insufficient length so as to make the 
section length of all individuals in the current period to be same. 
5.4. Generation 

The select operator chooses the method of roulette. We calculate the choosing probability of each 
individual according to the fitness value of individual in the current period, and add individuals to the 
next population using roulette.  

Cross operator chooses uniform crossover. It generates randomly a 0-1 numeric string which has 
the same length with the code section in the current period. For the gene k in the code section of parents, 
if the kth number in the 0-1 numeric string is 1, then change the gene value of the same position each 
other. In order to cross the individuals which have small fitness values with bigger cross probability, 
and the individuals which have great fitness values with smaller cross probability, we design a 
self-adapted cross probability. 

  =     − (   −    )× (    − max {  ,  ))    −     max {  ,   ) ≥        max {  ,   ) <       
In which   ,   are the fitness of two parents respectively,     ,      are the maximum and average 
fitness of population respectively,    ,    are the maximum and minimum cross probability 
respectively. 

Variation operator chooses the basic variation. It varies each gene in every individual with a given 
probability. When variation occurs, it generates an integer randomly between 1 and | | and replace 
the old gene value. For the similar reason explained in the cross operation, we design a self-adapted 
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variation probability as follows: 

  =     − (   −    )× (    −  )    −      ≥         <       
In which    ,    are the maximum and minimum variation probability respectively,  

For the new individuals generated after the cross and variation operation, if there exist some new 
outbound trains can be assembled in this period, but the number of block combinations corresponded 
by the code section can’t meet this requirement (i.e. a new block combinations should exist to 
correspond to a new outbound train), we generate randomly an integer between 1 and | |, and add it to 
the end of code section. Therefore, the length of optimized code section of each individual may have 
changed after cross and variation operations, we should add genes to make the length of all code 
sections in this optimized period to be same. 
5.5. The steps of optimizing the operational plans by combining genetic algorithm and sub-period 

rolling 
According to the above key technologies of genetic algorithm, we design the optimization 

algorithm for optimizing the operational plan in the railway classification yard as follows: 
Input the initial state of yard   , the planning horizon [0, ], the optimizing period  , the population 

size  , the maximum generation time  , the maximum/minimum cross probability    ,   , 
the maximum/minimum variation probability    ,   . 

Output the optimal individual  ∗ 
Start 

Initialize the optimizing period, set  = 1，    ,     = [0, ], 
Generate new individual continuously, initialize the individual code section in the period   and 

get population  ; 
While    ≤  ， 

set generation time  = 1; 
While  ≤  , 

Compute each individual fitness in the population  , and determine the optimal  ∗; 
Choose   individuals in the population   using roulette, and get the temporary 

population  ′; 
Take cross operation for pairs in the population  ′ and update population  ′; 
Take variation operation for each individual in the population  ′  and update 

population  ′; 
Determine the optimal individual  ′

∗  in the population  ′, if   ′
∗  is better than  ∗, set  ∗ =   ′

∗ ;  =  ′, =  + 1； 
  End while 
  Roll the period  =  + 1，   =    ，   = min {   +  , }; 

Initialize the individual code section in the population   in the period   
End while 

End 
6. Numeric examples 
6.1. Operating environment 

We code and realize this algorithm with the help of Microsoft Visual Studio development platform, 
and the programming language is C#. The working computer whose operating system is Windows 7 
has a 3G RAM, and a dual 2.90GHz CPU. 

Generation times is 100, the population size is 200, the maximum/minimum cross probability is 
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0.9/0.6 respectively, the maximum/minimum variation probability is 0.01/0.005 respectively, and each 
optimizing period is one day. 
6.2 Optimization results 

The input and output of four numeric examples are shown in the table 2. All output data enclose in 
the folder Output_Data. Every output of one numeric example (NE) includes two components; one is 
the operational plans in the yard with the standard output format, and the other is the data of storage 
railcars in the classification tracks. 

Tab. 2 Input and output data of each numeric example 

Numeric examples Input data Output data 

NE 2 Input_data_set_2.xlsx 
Output_data_set_2.xlsx 

Output_Classification_Track_RailCars_Number_2.xlsx 

NE 3 Input_data_set_3.xlsx 
Output_data_set_3.xlsx 

Output_Classification_Track_RailCars_Number_3.xlsx 

NE 4 Input_data_set_4.xlsx 
Output_data_set_4.xlsx 

Output_Classification_Track_RailCars_Number_4.xlsx 

NE 5 Input_data_set_5.xlsx 
Output_data_set_5.xlsx 

Output_Classification_Track_RailCars_Number_5.xlsx 
The data of storage railcars in the classification tracks can be used to check whether the number of 

storage railcars has exceeded the capacity of classification tracks. These additional excel files also 
could give enough information to generate the corresponding figures to frankly show the relationship 
between railcar number and track capacity. However, these figures are not presented as the big data 
caused by the many tracks (33 classification tracks) and the long period (18 days). In the data sheet, 
each classification track corresponds to two columns of data, as shown in table 3. The 
‘time_of_railcars_number_changed’ shows the time at when the railcars number on the track changes 
and the ‘Number_of_railcars_on_Classification_track’ shows the railcars number on the track at the 
corresponding time, and all initial value for this column are zero. For example, for the track C2, it adds 
10 cars at day1_3:55 and another 10cars at day1_5:05, thus the total railcars then are 20. All storage 
railcars are pulled out at day1_5:30, and it results in the storage number changing to 0. 

Tab. 3 The tracks usage in classification area 

C1 C2 
Time_of_railcars_number_

changed 
Number_of_railcars_on_

Classification_track 
Time_of_railcars_number

_changed 
Number_of_railcars_on_

Classification_track 
day1_3:55 10 day1_3:55 10 
day1_5:05 31 day1_5:05 20 
day1_5:05 0 day1_5:30 0 
day1_6:01 5 day1_6:01 7 
day1_7:11 13 day1_6:10 0 
day1_7:51 0 day1_7:11 23 
day1_8:07 13 day1_7:11 0 
day1_8:58 17 day1_8:07 6 

6.3 The result analysis 
The computing time and relative evaluation indexes in these four examples are shown in the  

table .4. The usage statistics of all equipments in these four examples are shown in the table 5. And the 
table 6 presents the number of assembled trains and railcars, and the number of disassembled trains. It 
is also should be noted that: firstly, the computing time doesn’t include the time of reading and saving 
data in excel sheets; secondly, the computations of railcar waiting time only focus on the period of day 
3 to day 18. 
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Tab. 4 The evaluation indexes 

example 
computing 
time (min) 

the railcar waiting time(min) 
the average waiting time the maximum waiting time the minimum waiting time 

NE 2 75 215.5 1143 70 
NE 3 146 267.1 4475 75 
NE 4 101 320.2 4524 70 
NE 5 150 384.8 5498 93 

 
Tab. 5 The usage statistics of engines and tracks in the yard 

example 

the 
number 

of 
inbound 

trains 

the variance 
of train 

inter-arrival 
interval 

the 
number 

of 
outbound 

trains 

the 
number of 
outbound 

trains 

the using 
ratio of 
hump 
engine 

(working 
time/total 

time) 

the using ratio of 
pullback engine 

(working time/total 
time) 

the 
maximum 

using 
track in 

the 
receiving 

area 

whether 
same 

inbound 
trains can’t 

arrive 
receiving 

area 

the 
maximum 
using track 

in the 
classificati

on area 

the 
maximum 

using 
track in 

the 
departure 

area 
Pullback 
engine 1 

Pullback 
engine 2 

2 339 1.78406 732 13 55.8% 47.9% 47.4% 7 No 13 6 

3 488 0.88533 1018 13 81.9% 67.7% 69.9% 10 Yes 13 6 

4 339 1.78406 710 33 55.8% 71.2% 73.4% 7 No 33 4 

5 488 0.88533 857 33 81.9% 90.6% 91.1% 10 Yes 33 5 

 
Tab. 6 The number of disassembled/assembled trains per day 

Day
no 

number of cars being processed per day number of disassembled trains per day number of assembled trains per day 

NE 2 NE 3 NE 4 NE 5 NE 2 NE 3 NE 4 NE 5 NE 2 NE 3 NE 4 NE 5 

1 1373 1019 1205 927 19 20 19 20 39 32 30 28 
2 1391 1351 1470 1345 18 22 18 22 42 43 44 42 
3 1335 1782 1219 1679 21 27 21 27 43 56 39 44 
4 1365 1515 1320 1443 17 21 17 21 38 45 38 41 
5 1291 2058 1353 2153 16 29 16 29 39 62 37 56 
6 729 2499 880 2365 10 31 10 32 22 73 29 49 
7 1278 2397 1233 2426 20 33 20 32 38 71 39 53 
8 1377 2330 1250 2291 15 37 15 37 43 71 34 52 
9 1718 2131 1628 2239 24 29 24 29 50 64 45 56 
10 1437 1895 1691 2038 21 25 21 25 45 57 49 51 
11 1406 1579 1335 1484 16 23 16 23 41 48 41 43 
12 1756 1623 1662 1754 20 23 20 23 53 47 47 48 
13 1182 1984 1353 1798 18 27 18 27 37 60 39 49 
14 914 1491 879 1522 16 21 16 21 27 45 30 41 
15 1218 1928 1071 1904 17 26 17 26 37 58 33 51 
16 1129 2348 1263 2348 18 38 18 38 37 72 35 54 
17 1572 1640 1543 1633 24 23 24 24 49 50 49 43 
18 1859 2338 1923 2528 27 30 27 29 52 63 50 54 

 (1) The effect of inbound trains number on the yard capacity and the railcar waiting time 
By analyzing the data in the table 1 and 2, we can find that: while the inbound trains increase from 

339 to 488, the usage state change of hump/pullback engine, and receiving/ classification/departure 
tracks can be described as follows: 

1) The average railcar waiting time increase from 215.5 mins in NE 2 to 267.1 mins in NE 3, 
and from 320.2 mins in NE 4 to 384.8 mins in NE 5. 

2) The using ratio of hump engine rises from 55.8% in NE 2 and 4 to 81.9% in NE 3 and 5. 
3) On the condition of the same block combinations, the using ratio of two pullback engines 
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raise from 47.9% and 47.4% in NE 2 to 67.7% and 69.9% in NE 3. The similar phenomenon 
also can be found in NE 4 and 5. 

4) The simultaneous using tracks of receiving area increase from 7 in NE 2 and 4 to 10 in NE 3 
and 5. We even found some inbound trains cannot get in the yard because no free receiving 
tracks exist. 

5) The simultaneous using tracks of classification and departure do not change. 
In conclusion, the increase of inbound trains would cause the increase of average railcar waiting 

time, the work time of hump and pullback engine, and the simultaneous using tracks of receiving area. 
But it contributes little to the usages of classification and departure tracks. These phenomenon can be 
easily understand, because the inbound trains increase would inevitable result in the increase of hump 
and pullback engines’ working objects and the using ration of receiving tracks. Meanwhile, the busy 
hump and pullback engines may cannot disassemble and assemble trains in time, and the railcars 
average time thus adds. 
(2) The effect of block combinations number on the yard capacity and the railcar waiting time 

By analyzing the data in the table 1 and 2, we can find that: while the block combinations increase 
from 13 to 33, the usage state change of hump/pullback engine, and receiving/ classification/departure 
tracks can be described as follows: 

1) The average railcar waiting time increase from 215.5 mins in NE 2 to 320.2 mins in NE 4, 
and from 267.1 mins in NE 3 to 384.8 mins in NE 5. 

2) The using ratio of hump engine holds unchanged with 55.8% in NE 2 and 4, and 81.9% in 
NE 3 and 5. 

3) On the condition of the same inbound trains, the using ratio of two pullback engines raise 
from 47.9% and 47.4% in NE 2 to 71.2% and 73.4% in NE 4. The similar phenomenon also 
can be found in NE 3 and 5. 

4) The simultaneous using tracks of receiving area increase holds unchanged with 7 in NE 2 and 
4, and 10 in NE 3 and 5. 

5) The simultaneous using tracks of classification area rises from 13 in NE 2 and 3 to 33 in NE 
4 and 5. 

6) The simultaneous using tracks of departure area decrease. In detail, it decreases from 6 in NE 
2 to 4 in NE 4, and from 6 in NE 3 to 5 in NE 5. 

In conclusion, the increase of block combinations would cause the increase of railcar average 
waiting time, the work time of pullback engines, and the simultaneous using tracks of classification 
area. However, the work time of hump engine and the simultaneous using tracks of receiving area do 
not change almost. We also find the simultaneous using tracks of departure area even decreases. In my 
opinion, the block combinations increase requires the pullback engine to fetch blocks from more 
classification tracks, which obviously cause the increase of the work time of hump engine and the 
railcar average waiting time. 
(3) The effect of the fluctuation of train arrival on the number of outbound trains 

We firstly generate randomly many groups of inbound trains with the same number 350 but 
different variances of inter-arrival interval. The variance could describe the fluctuation of arrival well. 
The optimization result has been presented in the table 7, which shows although the variance of 
inter-arrival interval increase from 0.84 to 1.87, the number of assembled trains stays around 730. 
Although the trains may arrive at a short time, and the disassembling time of some trains would delay a 
period of time as the capacity scarcity of hump engine. But all inbound trains can be disassembled and 
assembled to new outbound trains finally in a long period. So this arrive fluctuation affects much on the 
railcar waiting time in the yard, but almost a little on the number of outbound trains. 
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Tab. 7 The effect of the fluctuation of train arrival on the number of outbound trains 

The variance of inter-arrival interval 0.84 1.12 1.45 1.64 1.87 

The number of assembled trains 734 729 732 730 728 
(4) The yard bottleneck 

On the base of above analysis in this section, we could conclude that: when the inbound trains 
increase, the work time of hump engine increase remarkably, and the work time of pullback engines 
increase slowly comparing with the former growth; when the block combinations increase, the work 
time of pullback engines increase remarkably, but the work time of hump engine holds unchanged. 
Thus we can prudently deduce the following conclusions: 

1) On the condition of fixing the number of block combinations, if the inbound trains increase 
continuously, the scarcity of disassembling capacity should be the bottleneck in this yard. 

2) On the condition of fixing the number of inbound trains, if the block combinations increase 
continuously, the scarcity of assembling capacity should be the bottleneck in this yard. 

3) If both the number of inbound trains and block combinations increase, we could determine 
which operation process to be the bottleneck according to their each growth speed. 

7. Conclusion 
 In this report, an optimization method, which combines the genetic algorithm and subsection 
rolling, is designed to solve the operational plan in railway classification yard. In this method, the 
whole operational plan is divided into several short period sub-plans, and the whole operational plan is 
gain by continuously optimizing each sub-plans with the genetic algorithm. Based on the optimization 
result of the four given numeric examples and some other randomly created examples, the effect of 
inbound trains number and block combinations number on the yard capacity and the railcar waiting 
time are analyzed. And the possible bottleneck in this yard is also discussed according to the above 
analysis.  
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1. INTRODUCTION 

The objective as defined in the problem statement is to optimize the operations of a railroad yard. We had to come 

up with an operational plan that met with the numerous constraints imposed on the system, while trying to minimize 

the delay experienced by the cars that move through the system. Given the complexity of the system, and the size of 

the problem, we built a simulator that replicates the operations of this rail yard. This simulator would function based 

on a set of rules (i.e. parameters). We then embedded this simulator in a simulation-based optimization (SO) 

framework that would optimize these parameters to bring about an improvement in the performance. The advantage 

of this method is that it is very flexible, as it is easy to make changes to the simulator, and simply add these new 

‘rules’ as another decision variable in the simulation-based optimization framework. 

 

Figure 1. Outline of the approach we have followed 

2. DESCRIPTION OF THE SIMULATOR 

We built a discrete-time simulator that models the operations of different parts of the rail yard individually, and at 

every discrete time interval, we run each of these modules in series to mimic the operations of the rail yard. We 

divided the operations of a simulator into the different modules shown in Figure 2. Each individual module is run at 

every discrete time interval in the order shown, and this process is iterated over the evaluation period of 18 days. 

It is important to note that any operational decisions can be taken only during the humping and the pullback 

operations, since the three other modules are merely affected by the decisions taken in these two modules. The 

details of each of the sections are described in this section. 

Build a simulator that 
replicates the operations of 
the railyard, and functions 

based on a set of rules 
(parameters) 

Optimize the parameters of 
the simulator by 

emmbedding this into a 
simulation based 

optimization framework 

Fine tune the set of rules 
based on the experience, 

thereby adding and 
subtracting rules to the 

simulator. 



 

Figure 2. Process diagram of the simulator over any given discrete time step 

2.1 Receiving Tracks, Classification Tracks and Departure Tracks 

 In these modules, there are no major operational decisions that can be taken. We simply ensure that we 

meet all of the feasibility constraints, some of which are capacity constraints of each of the tracks; the type of cars in 

each of the classification track; account for inspection times, minimum intervals between departures etc. The 

executable given to us by the event organizers verified that we met all the essential constraints. 

2.2 Humping operations 

 In order to minimize delay, it is logical to perform a humping operation whenever the hump-engine is free 

and as long as there is space left in the classification track. However, in case there are multiple trains in the receiving 

tracks, and the hump engine is free, then we need to take a decision on which train to start humping operations on.  

Let  

   
     represent the rank based on arrival times of the     train in the receiving tracks.  

  
     represent the rank based on the number of cars in the     train in the receiving tracks 

  
     represent the aggregate rank based on   

     and   
     

  
         

      +     
     

   and    are the weights that define our strategy (these weights will be optimized by the SO algorithm). 

We assign priorities (i.e. ranks) to trains on the RT based on their arrival times, and their lengths. For instance, the 

train which came the earliest would receive the highest rank (corresponding to arrival time) and the train which has 

the highest number of cars has would receive the highest rank corresponding to (length). We then consider the 
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weighted rank based on these two parameters, to assign priorities to trains in RT. These weights are parameters that 

can be tuned, and they have a significant impact on the strategy that we choose to deploy. These weights will be 

tuned by the simulation based optimization algorithm, described in section 3. 

2.2 Humping operations 

This is the most critical part of the entire operation. At every instant, we need to take a decision on whether we build 

a train or not, and if we build a train with the cars available in the classification tracks, we need to decide the type 

and number of cars to use.  

At every time step, we calculate all the possible combinations of car-types that are feasible, based on the given 

set of outbound combinations. For each combination, there is a maximum train length that is possible, that does not 

violate the constraints of minimum and maximum train length.  

Let 

     represent the length of the     hypothetical train  

     represent the pull-back time of the     hypothetical train that can be formed, based on the number of 

classification tracks from which cars are drawn 

   
 
    represent the rank of the     hypothetical train that can be formed, based on      

  
 
    represent the rank of the     hypothetical train that can be formed, based on           values , which 

can be roughly interpreted as the ‘speed’ of pullback operation. 

  
 
    represent the aggregate rank based on   

     and   
     

  
 
        

 
     +     

 
    

We rank the different trains that can be built with the cars available, and choose to build the one with the best 

composite rank. The weights that define this composite rank play a very significant role in the strategy that is 

implemented. If     , this means that we are interested in building very long trains regardless of the pull-back 

time this will involve. On the other hand, if     , this strategy will result in trains of just one type, since every 

train comprising of more than one type of cars involves an additional time (5 minutes per additional type) , and will 

always be ranked lower than a train that has just one type of cars, even though it might have very few cars. 



Therefore, the composite rank    
 

 tries to attain the trade-off between these two contrasting strategies – and the SO 

algorithm, which optimizes the weights, helps it in doing so.  

3. SIMULATION BASED OPTIMIZATION 

Simulation based optimization has been used in several fields to solve complex optimization problems where 

traditional optimization methods are not applicable due to the complexity of the problem. We propose a novel 

approach in which we parameterize the system that is to be optimized, and then improve the parameters using 

simulation based optimization. We choose a metamodel approach in which we define an analytical metamodel that 

is an approximation of the performance of the simulator. This metamodel can be optimized using analytical methods 

to obtain to obtain a new trial point. The simulator is then evaluated at this new trial point, and this new information 

is used to improve the fit of the metamodel. The new metamodel is then optimized once again, to obtain the next 

trial point, and so on. This process is described in Figure 3. 

 

Figure 3. Simulation Based Optimization framework 

3.1 Outline of the SO method 

In our implementation, we used a quadratic metamodel. That is, the metamodel used is a second order polynomial in 

the trial point   , where each    consists of the corresponding values of                . 



The key steps of simulation based optimization are described below: 

Let 

    denote the trial point used in iteration  . 

   denote a mixture point 

   denote the coefficients of the metamodel at iteration    

      denote the delay as computed using the  simulator using the trial point    

0. Initialization: Set 

a) An initial point   (generated randomly) 

b) Set         

c) Set    ,     ,                                   

d) Define at iteration k     as the metamodel parameters 

e) Set         

1. Step calculation: Optimize the analytical metamodel and find the new trial point (    

2. Acceptance of the trial point: 

Compute       and 

                 

a) If        then accept the trial point:    and set     =    

b) Otherwise, reject the trial point 

3. Metamodel update.  

Now we refit the metamodel, by evaluating  , using           and                      

4. Metamodel improvement 

Compute                 
2 

If        , generate a random mixture point   , evaluate       and recomputed    after including    

in the set of observations used to fit the metamodel. This step ensures that the algorithm does not get stuck 

in local minima, while also improving the fit of the metamodel. 

5. Termination step 

If        go to Step 1, else terminate, and consider the current value of      as the best solution found 

within the given computation budget.  



4. RESULTS 

Each run of the simulator on an Intel® Core™ i7 @3.40 GHz processor took approximately 3 minutes. Since we 

expect this optimization module to be used on a daily basis by rail-yards, we set the computation budget at 20 runs, 

or one hour. We feel that one hour of computation time for 18 days of operations is acceptable. 

 

Figure 4. Improvement in the average delay over iterations of the SO algorithm 

Table 1. Details of the optimal solution for the three cases 

Data Set Optimal Weights Average Delay in 

minutes 

Maximum 

Delay in 

minutes 

Minimum 

Delay in 

minutes 

w1 w2 w3 w4 

Dataset 2 10 0 0.83 9.17 264.8 910 131 

Dataset 3 10 0 3.5 6.5 343.9 784 136 

Dataset 4 10 0 2.64 7.36 370.1 1291 116 

 

It needs to be noted that the weight w1 implies that it is best to use a first come – first serve policy in the humping 

process. This is understandable, since there is not much variation in the train length, and therefore, w2, which is the 

weight corresponding to the length of the incoming trains, is close to zero in the optimal solution. However, the SO 

algorithm identifies specific values for different datasets for the weights w3 and w4, thus justifying its usage. 
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4.1 Fluctuations in train arrivals 

 

Figure 5. Hourly count of inbound and outbound cars

 

Figure 5. Number of cars in each of Receiving, Classification and Departure tracks 

The hourly count of inbound cars (as part of incoming trains) and outbound cars (as part of the trains we build and 

send out) is plotted for days 3 to 5 in Figure 5. The pattern in the number of outbound cars closely followed that of 

the incoming cars. The spikes in the inbound cars seem to reappear in the number of outbound cars after a lag that is 

approximately equal to the average delay in of all cars (~ 4 hours in this case). Also, these spikes in the outbound car 

are lesser in magnitude than the same of the inbound cars – which means the system is successful in handling even 

sudden increases in the incoming cars and dissipating them out over a period of time, while ensuring the constraints 

of maximum outbound train lengths.  
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Figure 6. Number of cars processed by the pullback engines 

 

Figure 7. Number of cars being processed by humping engine 

4.2 Bottlenecks in the yard 

In order to identify the bottlenecks in yard, we analyze the receiving tracks, the classification tracks and the 

departure tracks individually. The number of cars in the receiving, classification and departure tracks is shown in 

Figure 5.  All the three charts are plotted on the same scale, to aid comparison. 

It is apparent that there is a huge pile up of cars at the receiving tracks. This means that the bottleneck is the 

humping operation. It is along expected lines, given the fact that there is only one humping engine, the humping 

engine has to rest for a minimum interval between humping operations. Also, the huge spikes in the number of cars 
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in the receiving tracks that marks the arrival of a number of trains into the yard within a short duration, means that 

the humping engine has to deal with sudden spikes in demand. Also, comparison of the number of cars transported 

by the humping and the pullback process during the same period (Figures 6 and 7) shows that the two pullback 

engines have to carry a load that is much lesser than the single humping engine. Hence, the humping process is the 

bottleneck in the rail yard operation. 

4.3 Additional inbound trains that can be processed 

The average delay experienced by all the cars is a direct result of the demand in terms of number of inbound trains 

in a given period. Therefore, if we assume a maximum tolerable limit of delay, we could use the simulator to run a 

scenario analysis of different levels of demand (i.e. running the simulator for these hypothetical, higher demand 

levels), and identify the how many more trains we can manage using the available infrastructure. 

4.4 Capacity impact of increasing the block size on the inbound trains 

When the block size of incoming trains is increased, this would mean that the average time for humping, which 

depends on the length of the train being humped, would increase. Since the humping process is already the 

bottleneck in this operation, this would mean that the average delay of all the cars processed by the rail yard will 

increase. Therefore, in order to accommodate this increase in delay, we might have to add more hump engines, 

and/or increase the number of receiving tracks. This might not affect the rest of the infrastructure (i.e. classification 

tracks, pullback engines etc.) much, however. 
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