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 Tariff design is important when developing efficient and cost-
effective public transportation networks.

« Smart zone-based tariff design eases the comprehensibility of
the network for the customer and exploits their willingness to
pay to maximize the profit for the transportation provider.

* The zone-based tariff design problem (ZTDP), defined by B.
Otto et al. [1], offers diverse possibilities for further research.
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« Integer programs (IP’s) are mathematical optimization problems where some
or all variables must be integers.
* From article [1], the generic form of ZTDP is the following:

If-;r
R(m) = Z f. X w. — mar.
er—1

{Cmmm‘:tml / R.iug}m‘ming constraints

{ Counting zones / Cumulative / [\-‘I;‘inmuul}pri(:iug constraints

* In the original ZTDP formulation [1], the zone selection is embedded within a
mixed-integer program, where the constraints ensure a feasible zoning: each
zone remains connected and follows the specified structure etc. .

« The process forces the solver to search through all valid groupings of stops
which is a combinatorially explosive, NP-hard problem (Theorem 1 [1]) .
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« Goal: Improve the computational efficiency of solving
the zone-based tariff design problem (ZTDP).

« Approach: Instead of searching across all possible
zones, we start from a predefined pool of zones,
reducing the search space and simplifying the
optimization.

« Key findings: This simplification speeds up

computation, while maintaining realistic zone
structures.
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A simple transportation network Instead of letting the program form the zones, we
with the following example provide a zone-pool of size 6 ( |Z| = 6 ) from which
customers: the problem then chooses the zones:

ci:wy =1, f1 =1,V = {3, 4, 5}
co: wy =3, fo =1, V5 = {6, 8}
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Z Zi § N

ie{l,...|Z|}
Z AjsZ; = 1 Vs e S
i€{1,...,|N|}

z€{0,1} Viel,..N

Parameters

Z  The zone-pool

S Set of stops

N Zone budget

a;s Binary parameter: 1 if zone 7 contains stop s, 0 otherwise

Decision Variables

z;  Binary variable: 1 if zone 7 € Z is selected; 0 otherwise

Table 1: Explanation of model sets, parameters, and decision variables
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0<p, p-<p.y1 VzEZ
ﬂ?c:Z’}’m'Zi Vee C

icZ
JNr
Tp = Zvc X j
j=1
Te <Pt (2—te—ve:) X M VeeC
Pe <M.+ (2—u.— V) XM Veel

T < uw, VeeC
Ue, Ve € {0,1} Vee O z=1,.,N

Sets and Parameters

' Set of customers

Y. Binary parameter: 1 if the path of customer ¢ crosses zone z, 0 otherwise
u. Binary parameter: 1 if client ¢ uses public transportation, 0 otherwise
v.. Binary parameter indicating the number z of zones used by customer ¢
M A large constant

we The willingness to pay of customer ¢

Decision Variables

p.  The price of using z zones
x. The number of zones used by customer ¢

Aalto-yliopisto
Perustieteiden
korkeakoulu



A

Aalto-yliopisto
Perustieteiden
korkeakoulu

0 <P Yzel,..N

(5)
Tee Y XM YeeC VzelZ (6)
Ter <Prt (2= Yo —tte)- M, ¥YeeC z=12,...,N (7)
P €M+ (2= —u)-M, ¥YceC z=1,2,...,N (8)
7. < uw, vVeel (9)
JNr
Z Te=1m, VceC (10)
z=1
u. € {0,1} YeeC (11)

Sets and Parameters

C  Set of customers

4.. Binary parameter: 1 if the path of customer ¢ crosses zone z, 0 otherwise
tt.  Binary parameter: 1 if client ¢ uses public transportation, 0 otherwise
v, Binary parameter indicating the number z of zones used by customer ¢
M A large constant

w, The willingness to pay of customer ¢

Decision Variables

7. Auxiliary variable for the price paid by the customer ¢ of zone z
p.  The price of using 2 zones
z.  The number of zones used by customer ¢




T, = Z Yeizi Ve€C

ieZ

N
T, = E Ve X J
i=1

Te<p.+(2—u—v.)XxM Yeel
Pe <+ (2—u—v) x M VYeceCl
. <ua, VeeC
Ver € Ye:rVe €C z2=1,2,...,N
Pr <Pt (2— Yoo —Vex) XM VeeC 2,2=12,..,N
Uey Uy € {0,1} Vee C z=1,..,N

Sets and Parameters

C

Set of customers

Ye- Binary parameter: 1 if the path of customer ¢ crosses zone z, () otherwise
u. Binary parameter: 1 if client ¢ uses public transportation, 0 otherwise
v.. Binary parameter indicating the number z of zones used by customer ¢
M A large constant

w. The willingness to pay of customer ¢

Decision Variables

p.  The price of using zone =z
z. The number of zones used by customer ¢
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max R(w) = ZT&- X fe

eel?
>, @SN
ie{l,..,|Z|}
Z a2z =1, Vse §
i€{1,...|N[}

z e {0,1} Viel,..N
0 {_‘“: P1, P E P41 Vz € Z

T, = Z Ys2i Vee O

1=y

N
Te = E Ve X ]
j=1

Te <P+ (2—t.—v) x M VeeC
Pe<m+2—u.—v)x M VeeC
m, <uw, Veel
Uey Vezy 2; €{0,1} Vee C z=1,..,N
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* First the complexity of the algorithm is analyzed
mathematically, and it is shown to be NP-complete.

* Then the results of computational experiments
conducted with the LinTim software [1] are briefly

discussed.
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* We use the Mandl network [1], a Swiss case study by
Christopher Mandl| with 15 stops, 21 edges, and 15,570
‘passengers’.

* The zone-pools were computed using Python package
networkx.

« The customers’ willingness to pay was computed using
a function implemented in the LinTim [2] environment,
which considered the Beeline distances between the
nodes.
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* The generation of the connected zones - zone-pool will
be done with the definition of connected zoning from [1]:

A set of pairwise disjoint zones Z ={Z1, Z2, ... ,ZN }is a
connected zoning, if each zone induces a connected
subgraph of G

« However, this is only done to simplify the testing

process. Any other type of zoning is still compatible with
the process here.
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Connected zones Arbitrary zones
Zone Pool | Time [s] Zone Pool | Time [s]

100 <(0.1 100 <0.1

500 0.3 500 11.1

1000 0.7 1000 176.9

1500 10.5 1500 H585.9
2000 14.9 2000 =>600.0
3000 34.7 3000 =>600.0
3500 60.4 3500 =>600.0

Table 6: Solving Times for Different Zone Pool Sizes under Two Zoning Strategies

Each solving time is the average of solving 5 instances with different zone pools
chosen as a random sample from the connected zones ( 3551 in total ) and the
arbitrary zones ( 32 752 in total ) of the Mandl set. The zone budget was kept

constant (N = 5) for each iteration and the solving time limit was 600.0 s.
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Solving Time vs Zone Pool Size
Connected vs Arbitrary Zones on a logarithmic scale
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ZTDP-C#

There are total of 3551 connected subgraphs of the v e TE;‘]“: ?51‘
Mandl set. Adding constraints to the size of the

subsets, the zone pool was limited to 2155 zones. DSz

The results of testing with that zone-pool: , 0 e

N Time [s] 9 s S

Zl=ws [z =% |° 0 % 3

1 0.370 0.860 50 1856 21

2 1.362 1.960 RO R

3 13.622 31.918 S fg 1’;0;) 205

! 15.334 44.581 30 300 0

5) 17.145 101.550 20 300 0

Table 8: Solution time averages for different values of N using two zone pools: 2155
(limited with 2 < |Z;| < 10) and 3551 (full connected set).
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Log Plot of Solving Time vs N for Different Zone-pool Sizes
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Optimal Values for values of N for Different Zone-pool Sizes
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N| C | Time [s]
1 30 0.7
5200 0.8
15600 0.8
21100 0.8
2 30 1.3
5200 1.8
15600 2.0
31100 2.1
3 30 1.8
5200 30.3
15600 29.6
31100 37.1
4 30 2.0
5200 30.0
15600 40.5
21100 n4.1
5] 30 18
5200 64.0
15600 7.7
31100 124.6

ZTDP-C#
Time Opt.

C [s] [#]
10 <0.1 25
30 <0.1 25
50 0.2 25
10 <0.1 25
30 1 25
50 12.5 25
10 0.2 25
30 14.7 25
50 185.6 21
10 0.7 25
30 189.7 20
50 300 0

10 2.3 25
30 300 0

50 300 0

Table 2 Solving times (in seconds) for different customer values C' and zone-budgets
N, using the alternative ZTPD model with zone set size |Z] = 3551 (Mandl connected

subgraphs).
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Table 1: The
results of
testing the
ZTPD-C#
(ZTPD with
connected
zoning and
counting zones
pricing) model
in article [1]



Solving Time vs. Number of Customers for Different Zone Budgets (N) on a logarithmic scale
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« Some further research could include:

— Testing the scalability of the model by applying it to larger
instances to evaluate the practical usefulness

— Enhancing the zone-pool selection process by developing
heuristics and making the process over all faster

 |n conclusion:

— An alternative version of the ZTPD model from [1] was

formulated, which simplified the zone choosing process by
introducing a zone-pool

— The solving times were significantly reduced, enhancing the
scalability of the optimization
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Thank you!
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