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INTRODUCTION

Today there are many cases when people need to construct a route taking into
account not only the starting and destination points, but also the intermediate ones. This
topic is quite relevant nowadays and there are many examples, given how often people
need to go somewhere, visit or deliver something. For example, if a ship is sailing in a
reef zone, it is important not only to lay out a route to the port, but also that it goes in
the safe zone. That is, priority is given not to the shortest, but to the safest route, to
avoid reef areas. Because the priority is safety, not distance. Or, if a tourist is in an
unfamiliar city, he may be interested in visiting some attractions or seeing something.
That is, he may prefer not the fastest route, but a more interesting one, which will allow
him to get acquainted with local attractions and other interesting places. Thus, he can
make a choice in favor of attractiveness rather than travel time, and it is important for
him not just to arrive at the destination, but what the intermediate places are.

Therefore, the topic of this paper is the development of a solution that can allow
to take into account significance of intermediate points (in the examples above, reefs
or attractions) when constructing a route. We can consider points with different natures
of significance in relation to other route criteria, not just the same ones. In previous
examples — safety and distance, attractiveness and time or, again, distance.

Thus, in this article we will consider several cases.

Firstly, as already mentioned, if you need to come somewhere, but you have free
time and are interested in the surrounding area. For example, you are a tourist in a new
city or you left home a little earlier and would like to take a walk. So, this is a case of
a directed route, when you are interested in arriving at some interesting points.

Secondly, the case of the ship. Here, too, you need to balance two criteria: safety
— 50 as not to go out on the reef and the distance of the route — to finally arrive at the
port. That is, this is also a directed route, but the difference is that in this case some
points need to be avoided rather than trying to visit them.

Thirdly, case of a route around the surrounding area. E.g. you have some free time

while waiting for a train at the station or a plane at the airport, and you are wondering



what you can see in the surrounding area. So this is a case of a circular route with points
to be visited.

Fourthly, if the ship needs to go to several places, again in some dangerous (reef)
zone. We can also think of this as a case of a circular route, but some points should be
avoided here.

Thus, the object of study is the route and its intermediate points. The subject of
the study is the method of constructing routes taking into account the significance of
these points. Including taking into account more than one of their parameters (possible
route criteria), such as interestingness, attractiveness, travel time, distance, safety and
so on. As research methods were used some mathematical ideas and algorithms
described below and implemented in computer programs.

For this problem we didn’t find a lot of well-known solutions (during research
were found just few and with different approach). Thus, the scientific value of this
article is that it may suggest a different approach to the problem, which in some cases
may be a little more effective, simple and versatile.

As a practical value, we can note the versatility of the developed model, which
can allow its use in various areas where we are talking about the significance of
intermediate points and, possibly, more than one route criterion. Such as tourism,

logistics, etc. and applications for them.



BCTYII

CporofHi 4ynMMaao BUMAAKIB, KOJIU JIOJIM HEOOXIAHO MOOYyIyBaTH MapuipyT 3
ypaxyBaHHSM HE JIMILE IMyHKTIB BIAIPABICHHS Ta NPU3HAYEHHS, a ¥ IpoMbKHUX. Ls
TeMa € JOCUTh aKTyaJIbHOIO B HAIll Yac 1 MPHUKJIaAiB TOMy 0araTo, BpaxOBYIOUH, SIK
4acTo JIOASM NOTPIOHO KyJIUCh iXaTH, BIABIAATH YU IIOCh AocTaBuTH. Hanpukian,
SKILO CYAHO i/ie y puQOBiil 30H1, BaXXJIMBO HE JIMILIE POKIACTH MapLIPYT 10 MOPTY, a
1 1100 BOHO WIIIO y O€3TeUHii 30Hi.

ToOTo mpiopUTeT BIAJAETHCA HE HAUKOPOTHIOMY, a Haibe3neuHimomMy
MapuipyTy, 00 YHUKHYTH pUPOBUX 30H. TOMy 110 mpiopUTeTOM € Oe3meka, a He
BiJICTaHb. AOO SIKIIO TypHCT 3HAXOJUTHCS B HE3HAHOMOMY MICTi, HOMy MOXe OyTu
IIKaBO BIJIBIAATH AKICH IMaM'ATKH a00 IIOCh IMOAUBUTHUCI. TOOTO BIH MOXE BIAIaTH
nepeBary He HaWIIBUAIIOMY MapuUIpyTy, a OUIbLI IIKABOMY, SIKHil JO3BOJIMTH HOMY
NO3HAOMUTHUCS 3 MICHEBUMH NaM'siTKaMW Ta IHIIMMH IIKABUMU MiCUSAMU. Takum
YUHOM, BIH MO3K€ 3p0OUTH BUO1p HA KOPUCTH MPUBAOIUBOCTI, & HE Yacy LUIAXY, 1 HOMY
BAXKJIMBO HE MPOCTO NMPUOYTH 10 MYHKTY NMPU3HAYEHHS, a TAKOK BAXKJIUBI 1 MPOMIXKHI
MiCIIS.

ToMmy Temoro 1i€i CTaTTl € pPo3poOKa pIillIEeHHS, K€ JO3BOJMTH BPaXxOBYBAaTH
3HAYYIIICTh MPOMDKHHUX TOUYOK (y MPHUKIIaaaxX BUIlle — pruQiB a00 BUBHAUYHUX MaM'sITOK)
i 9ac moOy10oBU MapHipyTy. Mu MOKEMO pO3IIISIIATH TOYKH 3 PI3HOIO MPUPOJIOIO
3HAYYIIOCTI MO BITHOIIEHHIO JI0 1HIIUX KPUTEPIiB MAPIIPYTY, a HE JUIIE TOT caMoi. Y
MOTIEpeTHIX MPUKIIaaax — Oe3leka Ta BiJACTaHb, IPUBAOJIMBICTh Y Yaci abo 3HOBY X
TaK! B1ACTaHb.

OT1xe, y 1ill CTATTI PO3MISIAAETHCA KiJIbKa BUTIA/IKIB.

[To-mepire, K BKe TOBOPUIIOCS, SIKIIO MOTPIOHO KyAUCH MPUIXATH, ajle € BUTbHUIN
yac 1 BY I[IKaBUTeCs OKOJMUIAMU. Hanpukiaz, BU TYpUCT Y HOBOMY MiCTi a00 BUHIIUIH
3 IOMy TPOXH paHimie Ta XoTut 0 mporynsrucs. OTxke, 11e BUMAI0K CIPSIMOBAHOTO
MapIIpyTy, KOJH BH 3alliKaBJI€HI B TOMY, 100 J1ICTaTUCS SIKUXOCH I[IKABUX TOYOK.

[To-npyre, Bunaaok i3 kopadaeMm. TyT Texx moTpiOHO 30aMaHCcyBaTH JBa KPUTEPII:

Oe3neka — o0 He BUNTH Ha pu( Ta JaIbHICTh MAPUIPYTy — 1100 HAPELITI IPUNUTH A0



nopty. ToOTO 1€ TakoX CIPSMOBAHUN MApIIPYT, aj€ PI3HUIT B TOMY, IO B I[LOMY
BUMAJKY JIEIKUX TOYOK MOTPIOHO YHUKATH, a HE HAaMaraTucs iX BiJIBiIaTH.

[To-Tpere, BUMagoK MapuipyTy oKouisiMu. Hanpukiaza. y Bac € TpoXH BIJIbHOTO
4yacy B OYIKyBaHHI II0i3/1a Ha BOK3aJIi a00 JIiTaka B aepoTopTy, 1 BaM I1iKaBo, 110 MO>KHA
MOJAUBUTHUCS B OKONUIIX. OTXKe, 1€ HAaro/a Jjisi KpyroBOro MapuipyTy 3 TOUKaMHU, sIKi
MOTPiOHO BiABIJIATH.

[To-ueTBepre, sKIO KOpabyeBi Tpeda 3aiiTH B KiJIbKa MICIlb, 3HOBY K TaKH 4epe3
AKych HebOe3neuHy (pudoBy) 30HY. MU TakoXK MOXKEMO IymMaTH MpO Iie SK IMpo
KpYTOBHI MapuIpyT, ajie TYT CJI1J] YHUKATH, a HE BIABIAYBATH €Kl TOUKH.

TakuM 4uHOM, 00'€KTOM JOCHIIKEHHS € MapuIpyT Ta WOro MPOMIKHI TOUKH.
[IpeameTomM JOCTIKEHHS € CIIOCIO MOOY/I0BM MapIIPYTIB 3 ypaXyBaHHSIM 3HAYMMOCTI
LUX TOYOK. Y TOMY YHKCJI1 3 ypaxXyBaHHAM OUIbII HIXK OJTHOTO 3 MapaMeTpPiB (MOKIMBUX
KpUTEPIiB MApUIPYTy), TAKUX SIK I1KaBICTh, MPUBAOIMBICTh, Yac y JI0PO3i, BIACTaHb,
Oesmneka 1 Tak jaaii. Ik MeTou JOCIIII>)KeHHSI BUKOPUCTOBYBAIKUCS JEsAK1 MaTeMAaTUYHI
171e1 Ta aJrOPUTMHU, ONTMCaH1 HIKYE 1 pealli30BaHi B KOMITIOTEPHUX MTporpamMax.

Jlns 11boT0 3aBIaHHS MM 3HAMIILIA HE TaK BXKe i OaraTo BiOMUX pillleHb (B X011
JTOCIIKEHHS X OyJI0 3HAAEHO BCHOTO KUIbKA 13 PI3HUM MIAXOA0M). TakuMm 4uHOM,
HAyKOBAa IIHHICTH ITI€T CTATTI MOJIATAE B TOMY, III0 BOHA MOX€E 3allPOTIOHYBATH 1HIIIAN
IJIX17] IO IbOTO TTUTaHHSI, SIKUH Y s/l BUTIAJKIB MOYKE BUSBUTHCS OB €(DEKTHBHUM,
MPOCTUM 1 YHIBEPCATbHUM.

Sk TpakTUYHY I[IHHICTH MO’KHA BIJ3HAYUTH YHIBEPCAIBHICTH PO3POOJICHOT
MO/IeJI1, 110 MOKE JO3BOJIMTH BUKOPUCTOBYBATH ii B PI3HUX rajiy3sx, 1€ MOBa UIE€ThCs
PO 3HAYYIIICTh MPOMDKHHUX TOYOK 1, MOXJIMBO, OUIBII HIK OJHOTO KPHUTEPIIO

MapmipyTy. Taki Ik Typu3Mm, JIOTICTUKA TOIIO Ta 3aCTOCYHKH JIJIsl HUX.



TASKING

The main goal of this work is to propose a solution for constructing routes that
consider intermediate points and their cost, impact on neighboring points and routes,
or other properties.

The algorithm should

e Take into account the properties of these points, the value of the attributes.

e Work both with values whose contribution needs to be maximized and with
those that need to be minimized.

e Have polynomial indicators of algorithmic complexity and work quickly
enough.

e Be versatile enough to be able to work together with other algorithms. This
work considered a combination with algorithms for constructing two types
of routes that should take into account intermediate points:

o Directed. From the starting location to the ending point.
o Circular. Or unlooped, in some neighborhood

The results must be clearly displayed.



SECTION 1. Approaches to solving the routing problem

In this section, we provide an overview of existing theoretical and practical
solutions on the topic of the work, criteria for selecting methods for use in the work,
and a comparative analysis of the solutions considered according to the relevant

criteria.

1.1. Inspirock service

One of the services that we found closest to our topic was the Inspirock [1] service.

It provided several options for places to visit over time.
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® End: Odessa

Figure 1.1.1. Presentation of Inspirock results as a map and plan
It offers a detailed plan for visiting places in the form of a timeline, map (Figure

1.2.1.) or a calendar (Figure 1.2.2.). This app also allows you to plan trips for several
days or even weeks. But the map, as you can see, gives an approximate route, because
the algorithm selects points and plans a timeline, rather than drawing a route point by
point. Which may not be very convenient at first, especially for short trips.



Hence there is a criterion: a convenient and detailed visual representation.

Wed, Jun1

38min

Victoria and Albert Museum

16min

Westminster Abbey

Thu, Jun 2

@
10min

Speed Boats Tours

Coca-Cola London Eye

10min

The British Museum

12min

National Gallery

6min

London ~

Fri, Jun 3

@

Houses of Parliament

imin
Big Ben
10min

St. Paul's Cathedral

Tower of London

Tmin

Tower Bridge

21min

Sat, Jun4

5min
St. James's Park
3min

Buckingham Palace

12min

Natural History Museum

10min

Hyde Park

8min

h (to Bath Spa

Bath ~

Sun, Jun 5

®. .

Royal Victoria Park

3min
The Jane Austen Centre
9min

Sally Lunn's Museum

2min

The Roman Baths

Bath Abbey

Windermere ~

Mon, Jun 6

@
40min

Holehird Gardens

6min
Orrest Head q

6min

Canyoning & Rappelling Tours

1min
3h 30min (to .
Edinburgh SERVICE:

Figure 1.1.2. Presentation of Inspirock results as a calendar

Also, it may be too less informative for other cases where a detailed route is

important (for example, the case of a ship). Also, the question may again be about the

universality of the algorithm.

1.2. Sight Safari

Another analogue with a different approach was “Site Safari” by Egor
Smirnov[2].

Attention is also paid to intermediate points of the tourist route. It also allows you
to select categories of points of interest and gives you the ability to build both circular
and directional routes. The idea of a directed route based on visibility polygons and
label analysis (example in Figure 1.2.1.). The idea of a circular route is based on a
genetic algorithm [3] (example in Figure 1.2.2.).
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Figure 1.2.2. Site Safari circular route results

But the idea of the application was just for tourist routes. It has not been tested for
other areas of mathematical problems (or we did not find information)

Hence another criterion: the universality of the algorithm

Also, the route construction time is quite long: up to 10 seconds. This may be due
to the peculiarities of the algorithm used in the application

Hence, the following criteria may be used: the computational complexity of the
algorithm and the computation time
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Figure 1.3.2. Mapy.cz directed route results

The travel service Mapy.cz [4] can provide both circular (Figure 1.3.1.) and
directional (Figure 1.3.2.) routes with attention to intermediate points of interest
(tourist mode). But the question again is the universality of its algorithm (we did not
find information about what methods they use for construction). In this functionality it
Is very similar to Sight Safari, but much faster.
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1.4. Conclusion

The comparison results are presented in the form of table 1.4.1.:

Time of Convenient and detailed Versatility
working presentation
Site Safari | Poor Good Poor
Inspirock | Good Poor Unknown
Mapy.cz Good Good Unknown

Table 1.4.1. Comparison of analogues according to selected criteria

We can see that most of examined services and algorithms have their pros and
cons, but some of them or are not too much versatility, or there is no information about
it. So, the versatility is one of the main criteria of the developed solution, but the others
are quite important too.

Additionally, we found a very similar idea about a potential field in the book
Acrtificial Intelligence: A Modern Approach [5]. But there was a modification precisely
in the context of A*, so the question again is its universality. This article presents a
very similar idea, but it is not considered only for one algorithm. It is also considered

as a possible pre-processing.
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SECTION 2. Mathematical model and methods for solving the problem

In the article we will look at several use cases and what algorithm idea can be

used and how to adapt it for them.

2.1. The case of a directed route with points to avoid

This is the case when you need to go from one point to another, but some points
are undesirable. An example would be a ship and reefs. Where you need to balance
between travel distance to reach your destination and safety to avoid dangerous points.
In the case of a ship, of course, safety criteria may be more important, but in other
examples they may be equal or in a different ratio.

We can model the area where the route should be built as a graph. Nodes can be
places where a moving object can be, and edges can be paths between them. The
desired path can be understood as a sequence of edges that can lead from the starting
point (node) to the ending point.

So, the task can be formulated as multi-objective optimization problem: find a

sequence of nodes {v;}, such as
rN—l
z distance(v;,v;y1) = min

=1
N
Z D(v;) » min
. Z

Where N is the number of route nodes, D (v) is the vertex danger function, which

A

can return the vertex danger value. Or it could be any other property that should be
minimized. We can also assign a property not for nodes, but as another attribute for

edges and reformulate in terms of edges:

( E
Z distance(e;) = min

i=1
E
Z D(e;) = min
\ =
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Where e; are edges and E is number of edges of a path.

To solve this problem, we can use some well-known algorithms with slight
modifications. For the purposes of previous use case, we can take A*[6]. A * at each
step selects the node with the minimum value

f(m) =g + h(n)

where n is the next node on the path, g(n) is the cost of the path from the starting
node to n, and h(n) is a heuristic that estimates the cost of the cheapest path from n to
the destination. Thus, the classical algorithm tries to minimize the path length.

We also want to minimize another value (danger in the example) so that we can

simply add that value to the function. We can also provide coefficients kg, kg4, kj, to

make the model more flexible. This way we can get
f) =kyg(m) + kqD(n) + kph(n)

But in this case, the path may be very close to a dangerous node, which may be
unsafe. For example, in case of stormy weather at sea, it is better to avoid reefs and
other dangerous areas at some distance. We can try to fix this by giving some
information that there is some danger point near the node, or by modeling a danger
zone around the point. The closer a node is to the dangerous point, the higher its
dangerous value. And at the point itself the value should be much higher — in order to
prevent visiting a dangerous point (namely a reef), even if a moving object (ship) is
located in its vicinity.

To do this, we can use a modification of the two-dimensional Gaussian
function[7].

(P1—%)%+(p2-y)*
G(n,p,0) = D(x,y)e 202

It can definitely give the highest result when node n = (x,y) is exactly the
dangerous point (node) p = (p,, p,) and the lower, the further (x, y) from (p4, p,). By
adding this function with a large value of o to f(n), we can describe how far a node is
from the danger point. That is, to simulate a possible dangerous zone near the point.

For example, for stormy weather this zone may be larger than for calm weather. And
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by adding another Gaussian with small o, we can describe the dangerous node and the
real dangerous zone near it. These too can have weights to manipulate how much
weight each term should have. For a one-dimensional function, Figures 2.1.1, 2.1.2,

2.1.3 can serve as illustrations.

Epicenter Area
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0.6 7 0.6 1

0.4 1 0.4

0.2+ 0.2 4

0.0 1 k 0.0 4
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Figure 2.1.1. Epicenter modeling Figure 2.1.2. Neighborhood modeling

Weighted sum
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1.5 1

1.0

0.5 4

0.0 +
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Figure 2.1.3. Weighted sum result

But this is only for one node. Moreover, a node can be influenced not by one point
nearby, but by many of them. Thus, we can model the total danger point function for a
node as the sum of the weighted sum of two two-dimensional Gaussian functions over

all danger points near it.
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TD (Tl) = 2 le(Tl, b, Sigmalocal) + ka(Tl, p, Sigmawide)
pPEP

Where P is a set of dangerous points near a node (which can affect it), and k,, k,,
are coefficients for local and wide Gaussian functions.

This way the final version of the utility function can be:

f() = kyg(n,origin) + kyh(n, destination) + TD(n)

At each step of the algorithm, the node with the minimum function f(n) value
will be considered as the probable next one. Thus, the algorithm tries to obtain the
minimum value of f(n) for the end node that is equal to the value of the entire path.

We can simplify the notation and use the A* standard if we add TD(n) using
weights to the other node values before performing the calculations. For edges, for
example, we can combine TD(n) with the edge length before the computation gets the
new resulting edge weight and runs the algorithm with it. This can be done as a pre-
processing of the graph, which can simplify and speed up the calculations. The
advantage is also that we can run the algorithm (or even run other algorithms for
different problems) on the modified graph many times without re-computing.

The worst case asymptotic estimate of the number of operations for such a graph
modification in terms of Big O notation is O(V = P), where V is the number of vertices
(nodes) in the graph, and P is the number of dangerous points. But in practice, as
already mentioned, we can not calculate the influence of each point on each node, but
select only those points whose influence can be noticeable. Since the Gaussian function
decreases from the epicenter, we can simply take several nodes in a certain radius of
the epicenter (dangerous point), for which the value of the Gaussian function will differ
from zero. Thus, in practice we can obtain lower complexity of the algorithm.

The worst case asymptotic of the number of operations A* is O(E logV"), where
E is the number of edges of the graph. Thus, the overall worst-case complexity of the
algorithm for the first use is O(E logV + VP). But the advantage of the described

approach is that the graph can be modified only once, and then we can run algorithms



16

on it repeatedly. We can calculate the danger function for nodes only once and then
build many routes. And if we need to change some points or nodes, we can simply
change them locally, in that area, and only those that will be affected. For example, if
there is a storm at sea, we should not recalculate the values of all nodes. We can simply
count those near reefs or other danger zones.

Moreover, the advantage of this approach is that we can run different algorithms
for different problems on the modified graph without re-computing it. For example, on
a modified graph we can run not just A* for a directed route search, but also some other
algorithm for finding a circular route (described in part 2.3), and it will take into
account the features of the modified graph.

Thus, we can build routes taking into account intermediate points and their
properties, minimizing both criteria: distance and danger.

Modifications are also possible. For example, we can calculate the weight not of
nodes, but of graph edges, if the implemented version of A* works with them. Then,
accordingly, the asymptotic estimate of the graph modification in the worst case will
be equal to O(EP). But here, again, we can take into account the distance from
dangerous points to edges and take into account only the essential ones, which in
practice can reduce the running time of the algorithm. And of course, instead of danger,
there may be another attribute that should be minimized. There can also be a weighted
sum of more than two Gaussian functions and even different functions. For example,
we can take a third, much broader and smaller value that can inform the algorithm when

choosing the direction of movement and prevent approaching dangerous areas.

2.2. The case of a directed route with points to be visited

This case may be similar to the previous one, but in this case you should not avoid,
but visit some points. E.g. this is the case when you need to walk from one point to
another, but you have free time and would like to visit some attractive places and
attractions along the way.

In the previous examples we tried to minimize the dangerous function, but in this

one we should try to maximize the total interestingness function. We can denote it as
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[(n). But maximizing the sum I(n) is equivalent to minimizing the sum —I(n). So we
can use the previous version of the function by simply adding a minus sign to the
attribute.

(P1=%)*+(P2—-y)?
G(n,p,0) =1(x,y)e 202

TI (Tl) = z le(Tl, p, Sigmalocal) + ka(n: p, Sigmawide)

DEP
f() = kyg(n,origin) + kyh(n, destination) — TI1(n)

A wide Gaussian function can “guide” the algorithm to a node of interest, and
their concentration can describe some interesting area (for example, a historical center).
While narrow, local may encourage the algorithm to visit the point directly.

But A* and some other graph algorithms cannot work with negative values. We
can try to fix this by simply adding to all the interesting values of the function the
absolute value of the smallest one. Thus, we can invert the function and create a total
“uninterestingness” function whose values will be non less than zero.

TUI(n) =TI(n) + |mnin TI(n) |

Minimizing “uninterestingness” is equivalent to maximizing interestingness. So,
the final version of the utility function for this case is:

f() = kyg(n,origin) + kyh(n, destination) + TUI(n)

The estimates are the same as in the previous case. Also modifications and other
comments are also possible for this case. In the case of three Gaussian functions, we
can interpret the narrowest as for directly visiting the point of interest, the middle as
for the area where you can see it, and the widest as for the area that is close to it and
moving in its direction may soon lead you to it.

In cases where a combination of edge and node values (or just different parameter
values) is used (for example, using edges to account for improving values and having
them combined with node values), there may be several options: for example,
considering the values separately (e.g. first flipping the nodes values, create

“uninterestingness” from interestingness, and calculate them with edge values, e.g.



18

length); or consider them together: calculate everything together and make it non-
negative in the end. The first case can be used if the edge parameter is very important
and its value should not be underestimated. But in the second case, the parameter can
be made important by increasing the value of the coefficient. So the second case:

making all values non-positive (if necessary) might be more universal and efficient.

2.3. The case of a circular route

This is the case when, for example, you have free time at the station or a free
evening at the hotel. Thus, it is a case of getting around the attractions closest to you
so that you are interested in the route around the area where you are.

Another example would be the delivery of goods to several cities by ship and
return to the port of departure. Also known as the traveling salesman problem (TSP).

It can be formulated with some other conditions as [8]

o {1 if the path is from node i to node j, which are nodes to visit
Y 0 otherwise

N N
Z Z CijX;; = min
i=1i#j,j=1

Where c;; is some value (distance, cost, etc.) that needs to be minimized.

As mentioned, the advantage of the graph modification approach described above
Is that we can run various algorithms on the modified graph without recalculating the
resulting values. And another value (for example, “danger” or “uninterestingness’’) will
be automatically minimized, as well as the previous one (distance, cost, etc.). We can
adjust the weight of their contribution by weighting sum coefficients.

So, we can simply run one of the approximate solutions of the TSP algorithms on
the modified graph. For example, the Asadpour Algorithm, whose worst-case
complexity [9] is O(logV /loglogV). Or some other, more optimal for a specific
situation.

If there is no need to return to the starting point (in other words, if it doesn't matter
where you end the route) the “circle” of the route can be broken. If there is a source

point condition (if a ship, tourist, or other moving object is already at a location), we
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can “break the circle,” remove the edge that returns to the origin node. If there is no
such condition, we can simply remove the edge with the largest value that we are trying
to minimize. This may be the case when a tourist plans a route through some area to
walk and get acquainted with it, and he does not care where to start and end the route.

In the example of a tourist route, some points may not be mandatory to visit. So,
there may be some algorithm that can evaluate their value and, in the case of a TSP
decision, select some of them to visit.

The algorithm has a peculiarity: it prefers longer edges (with a large attribute
value) than several small ones. If we take two paths: the first is simply the path from
point A to point B, and the second is the path from A to point C, and then to B, where
B is the point of interest, the distances of the paths are the same, but in the second case,
the value of C (which may be non-zero) is also added to the values (“uninterestingness”
or danger) of A and B. Therefore, the algorithm prefers longer edges (also in the case
of points to be avoided). And sometimes, as in the case in Figure 4.4.2., this may not
have such a positive effect. Perhaps this can be fixed by adding the edge length as a

weight to the value. Or split the edges into smaller ones.
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SECTION 3. Software tools and implementation details

The link to the project repository is in the literature list [13]. Additionally, the
Jupyter notebooks code is in addition A for cases where points should be avoided, and
in addition B for cases where points should be visited.

For directed route cases, the metric Euclidean distance function was chosen as a
heuristic. Also, if we take a heuristic that returns zero, we can get a modification of
Dijkstra's algorithm, which was also considered a little during testing. For city cases,
the distance was calculated using coordinates in degrees, but it might be better to use
projections to calculate in kilometers or something like that. At the very least, this may
allow the results of the resulting route to be presented in a more convenient and
understandable form.

The data was obtained from the Open Street Map service. The implementation
was built in Python using the OSMnx [10], NetworkX [11] and GeoPandas [12]
libraries. We used version 3.2.1 of the NetworkX libraries and version 1.7.0 of the
OSMnx libraries. Some standard libraries such as Matplotlib and NumPy were also
used. And Shapley in detail. We chose them because they provide a convenient way to
display results and have the functionality we need: obtaining, filtering and displaying
geodata, working with and displaying graphs, and also implementing graph algorithms.

The NetworkX implementation was used as an A* implementation. To solve the
TSP problem, the Asadpour algorithm was used, which was also implemented in the
NetworkX library.

Visualization was carried out using NetworkX tools in the case of a moving ship
and OSMnx tools in the case of a tourist route. In both cases, with image correction
using matplotlib.

Due to the implementation of the NetworkX library, the additional value (danger,
interestingness) was on the edges. It was obtained by assigning end node value for
directed graphs and maximum nodes values for undirected ones.

The first proof-of-concept implementation was built in C++ for a scenario using

a directed route and points to be visited using test cases. The points and their values,
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as well as the barrier locations, were manually selected to test the algorithm for various
conditions and use cases. The visualization was in the console.

The second version of the implementation was implemented in Jupyter notebooks
in Spyder. They provide a convenient way to visualize the results in the same place
where the code was written, and the results can be exported.

In the case of the ship, the region (sea) was represented by a grid. Danger points
were manually selected to test the algorithm under different conditions. Point
concentration areas can model reef zones or areas with danger weather conditions or
some other specific properties.

For the city, crossroads were represented as nodes, and streets as edges of the
graph. The plot was created from the loaded (from file or network) OSM data, as were
the points of interest. The city of Odessa was chosen for testing. It has quite interesting
areas (for example, the historical center with such attractions as the Odessa Opera
House, Deribasovskaya Street, Odessa City Garden, etc.), as well as a rather diverse
urban structure (squares, square blocks, long and short streets (and, accordingly, the
edges), etc.). Open Street Data also provides a lot of additional information about
buildings, streets, places, etc. that can used to assess the value of the interestingness of
a site or area. For example, in this work, only points of interest tagged with tourism
corresponding to the scenario were taken. For points of interest that could be visited,
the nodes closest to them were assigned as graph nodes. But the Gaussian function
worked calculated exactly for the points.

For this implementation, the pedestrian network type was chosen for the city
graph, but the OSMnx library also provides other types such as bike, drive, drive
service that can be used for various use cases like this. For example, not a case of a
walk, but a car trip between cities or, again, the option of using a city circular route.
The algorithm can use not only distance as edge weight, but also something else, such
as travel time, etc., which can be useful for these scenarios.

As said, the running time can be much faster than O(VP) if we take for

modification only those points that can be affected by a particular point (the addition
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of which can be non-zero), but in this work the influence of points was calculated for

all nodes of the graphs.
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SECTION 4. The testing of the developed software

The solution was tested for the city of Odessa and some test graphs. For cities,
results depend on the quality and completeness of the Open Street Map data for that

area. You can see some of the results in the screenshots in this section.

4.1. The case of a directed route with points to be avoided.

Figure 4.1.3. Route example 3 Figure 4.1.4. Route example 4
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Figures 4.1.1.-4.1.4. show examples of simulation results for the case of a vessel's
route in a reef zone. It can be seen that the algorithm avoids dangerous areas well and
at the same time tries to get to the destination node using a shorter route. In other words,
the algorithm tries to maintain a balance between safety and route distance, which was
its goal.

This result i1s very similar to the result obtained in the book ‘“Artificial
Intelligence: A Modern Approach” [5], but here danger zones are considered not only
for the A* algorithm, but, as seen in section 4.3, as a broader tool. Because if we use
this approach before processing, we can not only solve directed pathfinding problems
like in these examples, but also different problems and run different algorithms even
without recalculating the previous values of the modified graph, which can save time
and computational costs, while allowing the required attributes of intermediate points

to be taken into account. Which was the task.

4.2. The case of a directed route with points to be visited

4.2.1. Test C++ version examples

Figure 4.2.1.1. Route example 1 Figure 4.2.1.2. Route example 2
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rest; -barrier; =start;
e ting path; -fast path; -viewed cell;

Figure 4.2.1.3. Route example 3 Figure 4.2.1.4. Route example 4

In Figures 4.2.1.1. to 4.2.1.4. you can see the results of an early trial
implementation created in C++ using test cases. In these figures we see that the
algorithm also builds a path in the opposite direction from the destination point if the
value of the point of interest is large enough. Which may be quite logical in the case of
a tourist route. This is probably due to the fact that in this case the calculations were
also carried out with negative values, which could not only increase, but also reduce
the intermediate result.

As a result, we see that the proposed route is slightly longer than the fastest route

but allows you to visit some interesting places. What was the task in this case.

4.2.2. City examples

The center of Odessa and the surrounding area were chosen for testing. You can

see a graphical representation of the city in Figure 4.2.2.1.



interest are provided. Purple is the fastest route, yellow is an interesting one.

The results are presented in Figures 4.2.2.2.-4.2.2.6.
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Figure 4.2.2.1. City Odessa graph illustration
To match the graph model with the terrain, screenshots of a map with points of
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Figure 4.2.2.5. Example 2 directional route image
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Figure 4.2.2.6. Example 3 map image Figure 4.2.2.7. Example 3 route image
We can see that on real data the algorithm can give quite good results: the

proposed paths pass close to some interesting points and along a fairly fast route.
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In Figure 4.2.2.3. we can see that the algorithm led through some interesting

places, even if the shortest route was along other streets.
We can see the same thing in Figure 4.2.2.5. The path to the destination turned

out to be a little longer, but it allowed us to walk along Deribasovskaya Street and look

at the Odessa Opera House, which are one of the main attractions of the city.
Figure 4.2.2.7. clearly shows that where there is a concentration of attractions (e.g.

city center, upper left corner), the algorithm marks the area with higher interest (we

can see it as a bright spot there).
So, as we can see, the algorithm can work even with fairly large graphs and work

not only with individual points, but also with the areas that they create.
We can see that in almost the same places the shortest streets are of greater value,

“more interesting” than the longer ones. This is because the modification algorithm

includes street lengths in the final weight calculation.

4.3. The case of circular route with points to be avoided

4
A
x
x
x
x
x
x
X
x
%

Figure 4.3.1. Circular route example 1 Figure 4.3.2. Circular route example 2

The left figure above. shows the result for the circular route case: e.g. a ship must
deliver cargo to several locations and return to port. The right figure shows an example
where the route may not be closed. E.g. if there is no need to return to port. We can
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simply delete the path leading to the starting point. Or the path with the highest value,
if it is not important (it is unknown) where to start. The implementation also allows to
choose a starting point. As we can see, modification of the graph allows us to
successfully take into account not only the distance, but also the danger criteria. As we
can see, the algorithm tries to minimize being in dangerous areas, and also tries to
minimize the overall path length. What was his immediate goal. And we didn’t even
have to recalculate the graph values in order to solve another problem using a different

algorithm.

4.4. The case of circular route with points to be visited

The figure below shows an example of a circular route in Odessa. This is the case
when you want to walk a little and get acquainted with the area around. For example.
you have a free evening at the hotel. Figure 4.4.2 shows an example when the route

may not be closed.

Figure 4.4.1. Circular route example 1
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Several points were selected and the algorithm laid out a route to them. In both
cases, we see that the algorithm has built a route and it also passes through streets with

a high value.

Figure 4.4.2. Circular route example 2

But in Figure 4.4.2. we can see (upper left corner of the path) that the algorithm
did not decide to go to the square, which has a fairly high value. This may be due to a
peculiarity of the algorithm that it prefers longer paths (look at the end of section 2.3).
And sometimes, as in the case in Figure 4.4.2., this may not have such a positive effect.

We also see that the algorithm creates a route to some points, to which the path
may be too long. And at the same time, it ignores some points that are not too far from
the path and can be visited. Perhaps this is because some points are selected as
necessary to visit the TSP, while others are not. So, for the case where not all points
are required, it may be useful to use a point filter function which can decide which
points to visit: discard those that are too far away, not interesting for a person, etc., and
include others that are not close to the probable route, are very interesting, etc. This
can be nice when using algorithms that take some given points as must to be visited.
Another approach is to use algorithms that can decide on the fly which points can be
visited. For example, some greedy algorithms and so on. Or modify some algorithms

for this. But despite this, it built a route and visited some attractions.
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In this case, the interestingness of the edges depended specifically on the points,
but it could be different, depending on various parameters, such as the own

interestingness of the streets or traffic, and so on.
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CONCLUSIONS

In this article, we looked at how to modify graphs to pay attention to intermediate
points, their values, attributes, and so on. A way has been proposed to change the graph
to pay attention to the attributes we are trying to take into account, and then many
known algorithms can be run to solve specific problems.

This approach has been considered for several cases: a directed route case with
subcases of points to be avoided and to be visited; and the case of a circular route, also
for points to be avoided and to be visited. The example results show the effectiveness
of the algorithm and that it can be quite universal for different tasks — it can be used
just as a pre-processing before some other algorithm. Moreover, this preprocessing
may have a very little impact on the performance of the main algorithm: it can be
calculated once, and then the results can be used. The time for the first calculation, or
recalculation if necessary, can be O (NP) in the worst case, as stated in section 2.1. But
in practice it can be much less if we take for calculation only the nodes that will be
affected.

A convenient map display can make the results easier to understand. The results
can be provided as a sequence of nodes or edges, or saved in the GeoDataFrame format,
which is easily displayed by some services.

For both cases and their subcases, we obtained fairly good results. The algorithm
tries to minimize or minimize the overall value of the criterion (in the examples: danger
and interest), taking into account the properties of intermediate points and edges, and
at the same time tries to minimize the second one (total path length). Which was it’s
goal.

For the considered algorithms, the modification approach gave slightly better
results in cases where it was necessary to avoid points. Perhaps this is due to the fact
that the algorithms try to minimize the values, which was necessary in this case, and
adding even a small inverted value as “uninterestingness” is still an increase, although
less than the others. For cases of visiting points (or other cases where the final

algorithm is trying to minimize/maximize a value that should be
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maximized/minimized), it might be a good idea to not try to invert the values, making
them non-positive or otherwise, but to try to change the algorithms so that they can use
the appropriate (negative, positive or other properties for the corresponding algorithms)
values if their default versions cannot (as so was in the C++ test example in section
4.2.1). Of course, if they can, we can just try to use the node or edge values as they are.
Also, modification of the final algorithm can allow for more flexible and in-depth
settings and allow to influence the intermediate results of the algorithm, which can lead
to better results (as, again, was the case in section 4.2.1).

In conclusion, we can highlight some pros and cons of this graph modernization
approach.

Advantages:

e The graph modification time is polynomial and can be quite small in
practical problems both for cases of calculations and for repeated
calculations if necessary.

e « This approach is quite easy to modify for a specific problem (for example,
as is the case when we can add a third Gaussian function to consider another
type of region of influence) and it can theoretically take into account many
properties of points and edges.

e Changing the graph can be done as a pre-processing before using the main
algorithm and can be done independently.

o This is why it can be used without repeated calculations, saving time.
o This approach is quite universal and we can use it for a fairly wide
range of tasks.
Disadvantages:

e |t may favor the longest edges over the shortest ones when they are
equivalent or even when the shortest ones are preferred. Perhaps this can
be corrected by counting the length of the edge as a weight or in some other

way. But even so, we got pretty good results.
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Thus, the developed solution can provide the ability to pay attention to various
properties of intermediate points and can be performed as a pre-processing before using
other algorithms, so it is quite general and can work quite quickly for various tasks.

For future research, there is a lot that can be studied: ways to optimally select
coefficients and other parameters (probably this can be done, taking into account the
average value of the distances from points to nearest nodes, and so on), consider several
attributes of points and edges and their combinations, possible combinations of
attributes like each other's weights (their influence on each other), ways to correct the
preference for long edges over short ones, and so on. The distance metric in the
Gaussian function may not be the square of the Euclidean metric distance, but it may
be something else. Combinations of enhancing and reducing properties may also be
interesting. Or a combination of different methods of movement: e.qg., first on foot, then
take transport to another area, walk there, and so on. It might also be interesting to see
how this approach could work with negative (or others) values or retrofit some
algorithms to work with them. This can more accurately model some interesting and
logical situations where it may be preferable to move in the opposite direction of the
destination. Or even go to a node and return the same way. For example, to see some
tourist attraction. Also in the case of a tourist route, it may be interesting to consider
other factors that may influence, such as where the attraction can be seen, and so on.

But even the resulting solution can be a good way to take into account some
intermediate points and their properties for a fairly wide range of problems and existing
algorithms.

Many results were presented at conferences. References to proceedings from them
are in the literature list [14][15][16][17].
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BUCHOBKHA

VY 1iil cTaTTi MU PO3TIISIHYJH, K MOAuGiKyBaTu rpadu, mo0 NpuaIiATH yBary
NPOMDXKHMM TOYKaM, iX 3HAY€HHAM, aTpuOyTaM ToIIO. 3ampoNnoHYyBaJId CHOCIO
3MIHUTH Tpadik, 00 3BEpHYTH yBary Ha aTpuOyTH, 3HAUYEHHS SKUX MU HaMara€Mmocs
BpaxyBaTH, a MOTIM MOKHA 3allyCKaTh 0araTo BiJIOMUX aJTOPUTMIB JJIsi BUPIIICHHS
KOHKPETHHUX 3aBJ/IaHb.

[le#i migxig po3risimaBcs IS KUTBKOX BHUMAAKIB: BHUIMAIOK CIPSIMOBAHOTO
MapHIpyTy 3 BUIIQJIKAMU TOYOK, SIK1 CJIIJT YHUKATH Ta K1 CI1J BiJABIJATH; 1 BUIAIOK
KPYTOBOI'O MapHIpyTy TaKOX ISl TOYOK, SIKI CJIJi YHUKATH Ta Kl CJIiJ BiABLAATH.
Pe3ynbraTu npukiiaay nokazyroTh €()eKTUBHICTh AJITOPUTMY 1 T€, 110 BIH MOXe OyTH
JIOCUTH YHIBEPCAIBHUM JJIsl PI3HUX 3aBJJaHb — MOTO MOKHA BUKOPUCTOBYBATH ITPOCTO
K TIOTIEpEeIHI0 00pOOKY Tepe UM alropuTMoM. [Iprudomy 1151 mpeaoOpodka Moxke
Jy’K€ HE3HAYHOIO0 MIPOI0 BIUIMHYTH HAa MPOIYKTUBHICTH OCHOBHOI'O JITOPUTMY: ii
MO’KHa OOYHMCINTH OJIWH pa3, a MOTIM BHKOPUCTOBYBATH pe3yibTaTH. Yac meprioro
pO3paxyHKy abo mepepaxyHKy, SKIIO HEOOXIJHO, y HaWripuioMy BUIAAKY MOXKE
craHoBUTH O(N*P), sik 3a3HadueHo y pozaum 2.1. Aje Ha mpakTHIll BiH MOXe OyTH
Ha0arato MEeHIINM, SKIIO OpaTH sl pO3paxyHKY TUIbKU Tl BY3JIH, SIKI MOXKYTbh OyTH
3MIHEHUMH.

3py4He BiIOOpaKEHHS Mamu MOXE TMOJETIIUTA PO3YMIHHS PE3yJIbTaTiB.
Pe3ynbrati MOXyTh OyTH HajaHl y BHIJISAl TMOCIIIOBHOCTI BY3JIB 4M pedp ado
30epexeHi y popmari GeoDataFrame, 110 jierko BijoOpakaeTbes JSIKUMU CEPBICAMHU.

Jns o0ox BUMAAKIB Ta IXHIX IMIJABUIAAKIB MU OTpPUMAJM JIOCUTh J00pi
pe3ysbTaTi. AJTOPUTM HaMaraeTbCs MIHIMI3yBaTH a00 MIHIMI3yBaTH 3arajbHe
3HAUCHHA KpUTEPiro (y MpUKIIagax: HeOe3neKa Ta IHTepecC), BpaxOBYHOYH BIACTHBOCTI
MPOMIXKHHUX TOYOK Ta peOp, 1 OJHOYACHO HAMAraeTbCs MIHIMI3yBaTH IpyTUid (3arajibHa
nowxuHa muisixy). o # Oymno #ioro meToro.

JInst anropuTMiB, TIO0 PO3TISAAIOTHCA, MOAUGBIKAIIWHUN MAX1J JaBaB JIEIIO
Kpallll pe3yJbTaTh B TUX BUIAIKAX, KOJIM HEOOX1THO OyJI0 YHUKATH TOUYOK. MOXKIUBO,

1€ MOB'A3aHO 3 THUM, 10 AITOPUTMH HaMararoThCsl MiHIMI3yBaTH 3HAUY€HHS, 1110 ¥ OyJ10
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HEOOX1IHO B JAaHOMY BHUIAAKYy, 1 J0JaBaHHS HAaBITh HEBEIUKOTO I1HBEPTOBAHOTO
3HAUYCHHS 5K «HEI[IKABICTh» — II¢ BCE OJIHO 301IbIICHHS, X04a ¥ MEHIIIE, HI’K B 1HIIIMX
Bunaakax. [ BunaaKiB BiB1{yBaHHs TOYOK (200 1HIITMX BUITAIKIB, KOJIM OCTATOUHHI
JITOPUTM HAMAaraeTbCsl MIHIMI3yBaTH/MaKCHUMI3yBaTH 3HAYCHHS, sSK€ Mae OyTH
MaKCHMi30BaHe/MIHIMI30BaHe BIAMOBIIHO), MOXKE OyTH TapHOIO 1/ICEI0 HE HaMaraTucs
1HBEPTYBAaTH 3HAUYECHHs, POOJISTYM iX HEMO3UTUBHUM UM IHIIUM YMHOM, a CIpOOyBaTH
3MIHUTHA aJTOPUTMH, 1100 BOHM MOIJIM BHKOPHUCTOBYBATH BIJIMOBIAHI 3HAYCHHS
(HeraTHBHI, MO3UTHBHI a00 1HIII BJACTHBOCTI IJIs BiAMOBIIHUX aJIrOPUTMIB), SIKIIO 1X
Bepcii 3a 3aMOBUYBaHHSIM HE MOXYTh (SIK 11e OyJI0 B MpHUKIaal TecToBOi Bepcii C++ y
po3aim 4.2.1). 3BUYaiiHO, SKIIO BOHM MOXYTb, MU MOXEMO IPOCTO CHpPOOYyBaTH
BUKOPUCTOBYBAaTH 3HAYEHHS BY3JIB a00 peOp TakuMH, SKUMU BOHU €. Takox
Mo (ikallis piHATBHOTO aJTOPUTMY MOKE JIO3BOJIUTH 3a0€3MEUUTH OLIbII THYYKE Ta
rIMOOKe HaNAIITYBaHHS Ta JIO3BOJUTH BIUIMBATH HAa MPOMDKHI pe3yJIbTaTh poOOTU
QITOPUTMY, 110 MOKE MPHU3BECTH JI0 KpAIlUX PE3yJIbTaTIB (K 3HOBY OyJO B pO3ALUIL
4.2.1).
MoxkeMo BUIUIATHA JEsAKi IUIIOCH Ta MIHYCH TaKOIo IMAXOAY 10 MOJEpHi3alii
rpada.
IlepeBaru:
e Yac momudikanii rpada mogiHOMIANBHUN W y NMpakTUYHUX 3aBIAHHSIX
MOXe OyTH JTy»Ke MaJIUM SIK JIJIs1 BUTIaJIKiB OOUUCIIEHb, TaK 1 1711 TOBTOPHUX
00YHUCIIeHb B pa3i mOTpeOH.
e Ileit miaxig AOCUTH Jerko MOAM(DIKYBAaTU MJii KOHKPETHOTO 3aBJaHHS
(HampuKiIan, K y BUOAAKY, KOJM MU MOXKEMO JOJATH TPETI0 (DYHKIIIO
["ayca st po3riisiy 1HILIOTO TUITY 00JIACTI BIUIUBY) 1 TEOPETUUHO BIH MOXKeE
BpPaxoOBYBaTH 0araTo BIACTUBOCTEH TOUOK Ta pedp.
e 3miHa Tpada MOXKE BHKOHYBATHUCS SK TomepenHs o0O0poOka mepen
BUKOPHUCTAHHSIM OCHOBHOTO aJITOPUTMy Ta MoOXe OyTH BHKOHaHA

HC3aJICKHO.
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o Came TOMy WHOro MOKHAa BHKOPHUCTOBYBaTM 0€3 TMOBTOPHHUX
00YHCIICHB, 1[0 EKOHOMUTH Yac.
o Iei migximx € JOCUTh YHIBEPCAIbHUM 1 MH  MOXEMO

BHUKOPHUCTOBYBATH Horo AJI1 1OCUTH IIMPOKOI'0 KOJIa 3aBAdHb.

Henomku:

e JloBrum pebGpam MOKE€ BijJiaBaTHCs TepeBara nepej; KOPOTKHUMHU, SKILIO
BOHHU €KBIBJICHTHI a00 HAaBITh KOJHU Kpallle HallkopoTiii. MoxXIuBO, 1€
MO>KHAa BHIIPAaBUTH, BPAaXOBYIOUM JOBXHHY peOpa Baroro abdo SKUMOCH
IHIIMM CcOCOOOM. AJie HaBITh Y LbOMY BHIAJKy MU OTPUMAIHU JOCUTH
n00p1 pe3yJIbTaTu.

TakuMm yuHOM, PO3pOOJIEHE PIIEHHS MOXKE 3a0€3MEUUTH MOKIIUBICTH OpaT 10
yBaru pi3HI BJIACTUBOCTI MPOMDKHHMX TOYOK 1 MOXE€ BHKOHYBATHCS K IMONEPEIHS
0o0poOKka mnepe/; BAKOPUCTAHHSIM 1HIITUX aJITOPUTMIB.

Jis momanpIiviX JOCHIIKeHb € 0arato 9oro MOKHAa BHUBYATH: CHOCOOH
ONTUMAJIBHOTO TIA00pY KOe(IIiEHTIB Ta IHIIKUX MapaMeTpiB (MMOBIPHO, 116 MOXHA
3pOOHUTH 3 ypaxXyBaHHSIM CEPEHBOTO 3HAUCHHS BiJICTAaHEH B1JI TOUOK JI0 HAMOMMKINUX
BY3JI1B, TOIIO), PO3TJSHYTH KIJIbKA aTpUOYTIB TOUOK Ta pelp, ix KoMOIHAI1i, MOXKJIUBI
KoMOiHaIli aTpuOyTiB, Takl SK y BHUIJISAI Barm OAWMH OMHOTO (iX BIUIMB OJWH Ha
OJIHOT0), CIIOCOOW BUIIPABJICHHS TIEpeBaru JOBTUX pedp HajJ KOPOTKUMH 1 TaK Jaji.
Mertpuka Bigcrani B pyHkiii ['ayca moxke OyTu HE KBaJpaToM BiJICTaH1 €BKJIIIOBOT
METPHUKHU, & MOKe OyTH YMMOCH 1HIIUM. TaKoX HIKaBUMH MOXYTh OyTH KOMOiHAaIIi
MOKpAIyBaJIbHUX Ta 3HKYBAJIbHUX BJIACTUBOCTEH. AOO MO€ETHAHHS PI3HUX CIIOCOOIB
PYXYy: HalIPUKJIA, CIOYATKY MIIIKH, TIOTIM IXaTH TPAHCTIOPTOM B IHIITUN palioOH, TYJISITH
TaM 1 Tak jaami. Takoxk Moe OyTH IIKaBO MOJUBHUTHCS, SK LEW MAXIiT MOXKe
IpaioBaTi 3 HEraTMBHUMHU (00 IHIIMMH) 3HAYEHHSIMHU YU MOJM(]IKyBaTH IesiKi
aNTOPUTMH Il POOOTH 3 HUMHU. 1{e Morke O1IbII TOUHO 3MOJICITIOBATH JICSKI IIKaBi Ta
JIOT1YH1 CUTYallli, B SIKUX MOX€E OyTH Kpallle pyXaTUucs y HalpsIMKY, MPOTHIIEKHOMY JI0

NYHKTY Ipu3HaueHHs. AOO HaBITh HITH JI0 By3Jia 1 IOBEPHYTUCS TUM CAMHUM LUISIXOM.
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Hampukiaz, mo06 mobauntu SKyCch TYPUCTHYHY MTaM'sITKY. TakoX y pa3i TYpUCTHIHOTO
MapuIpyTy Moxe OyTH IIKaBO PO3MVIAHYTH 1HIII (DAKTOPH, SKi MOXKYTh BIUIUHYTH,
HAPUKIIAT, e MOYKHA MMO0AYNUTH BU3HAYHY MaM'ITKY TOIIIO.

Anle HaBITh OTPUMAaHE PIIICHHS MOXKE CTaTH XOPOIIUM CIIOCOOOM BpaxyBaTH
JesiKl MPOMDKHI TOYKHM Ta iX BJIACTUBOCTI JJI IIMPOKOIro KoJja 3aBAaHb Ta ICHYIOUUX
aJTOPUTMIB.

barato pesynbsraTiB Oyno mpenacraBieHo Ha KoH(epeHmisx. [locumanHs Ha

MaTepialy 3 HUX € y CrucKy Jitepatypu [14][15][16][17].
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ADDITION A

Points to be avoided ship in reef zone route.ipynb

This file contains code for implementing algorithms for the case of using a ship
in a dangerous area. It presents the initialization of the starting graph, its modification
using Gaussian functions, and the running of algorithms for solving pathfinding and

TSP problems (for both directional and circular routes).

import networkx as nx
import matplotlib.pyplot as plt

import numpy as np

%matplotlib inline

nx.__version__

default_safe_value=0
G = nx.grid_graph(dim=[30, 50]) # nodes are two-tuples (x,y)

pos = nx.kamada_kawai_layout(G)
G=G.to_directed()

danger_points=[((5,10),9),((3,10),8),((7,10),8),((7,10),9),((8,9),8),((5,0),8),((16,23),8),((18,23),8),((14,23),5),
((12,23),9),((10,23),9),((14,20),7),((14,26),7), ((20,10),6),((26,9),9),((24,14),9),((24,10),8),((24,18),8),
((24,16),9),((43,14),9),((40,15),9),((45,15),8),((37,15),8),((28,15),9),((48,15),8),
((45,7),9),((46,7),9),((45,8),9),
((45,16),9),((45,17),9),
((25,2),9),((24,2),9),((25,3),9),
((30,15),9),((29,14),9),((28,15),9),
((10,30),9),((11,29),9),((9,30),9),((8,28),9),((20,0),9),((19,0),9)]

origin_point_x=3
origin_point_y=7
destination_point_x= 45

destination_point_y= 28
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origin_node= (origin_point_x,origin_point_y)

destination_node=(destination_point_x,destination_point_y)

def dist_euclidean(a, b):

(x1,y1)=a

(x2,y2)=b

return ((x1-x2) ** 2 + (y1-y2) ¥*2) ¥* 0.5
def gauss_filter(x,y,p1,p2, sigma):

return np.exp(-((p1-x)*(p1-x)+((p2-y)*(p2-y)))/(2*sigma*sigma))
def get_nodes_attributes (G1, danger_pointsl,name_attrl:str,sigma_local=0.1, sigma_wide=3,
k_local=1,k_wide=1,default_value=0,improving_attr=True):

attr_dict={n:{name_attrl:default_value}for nin G1l.nodes}

L=list(attr_dict.values())

for niin G1.nodes:

foriin range(len(danger_pointsl)):

(d_point,d_value)=danger_points1[i]

addition_value=d_value*(gauss_filter(n[0],n[1],d_point[0],d_point[1],sigma_local)*k_local+gauss_filter(n[0
I,n[1],d_point[0],d_point[1],sigma_wide)*k_wide)
if improving_attr:
attr_dict[n][name_attrl]=attr_dict[n][name_attrl]-addition_value
else:
attr_dict[n][name_attrl]=attr_dict[n][name_attrl]+addition_value
if improving_attr:
min_attr_dict= min([L[i][name_attr1] for i in range(len(L))])
for nin G1.nodes:
attr_dict[n][name_attrl]=attr_dict[n][name_attrl]+abs(min_attr_dict)
return attr_dict
danger_attr=get_nodes_attributes(G,danger_points,"danger_attr",default_value=default_safe_value,impr
oving_attr=False)
nx.set_node_attributes(G,danger_attr)
def get_edges_attributes(G1,name_attrl,k_length=0.5,k_attr=0.5):
attr_dict={edge:{name_attr1:0} for edge in Gl.edges}

for edge in G1l.edges:
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# IF DIGRAF
#
attr_dict[edge][name_attr1]=G1.nodes[edge[1]]["danger attr"]*k attr+k length*G1.edges[edge]["length"]
# IF NOT DIRECTED GRAF:
max_val=max(G1.nodes[edge[1]]["danger_attr"],G1l.nodes[edge[0]]["danger_attr"])
attr_dict[edge][name_attrl]=max_val*k_attr+k length*G1.edges[edge]["length"]
return attr_dict
nx.set_edge_attributes(G,{edge:{"length":1} for edge in G.edges})
# If the edge value was not a "weight", the algorithm did not work correctly
danger_attr_edge=get_edges_attributes(G,"weight")

nx.set_edge_attributes(G,danger_attr_edge)

path_orig_dest_nodes=nx.algorithms.shortest_paths.astar_path(G,origin_node,destination_node,heuristic
=dist_euclidean,weight="weight")
path_orig_dest_edges=[(path_orig_dest_nodes[i],path_orig_dest_nodes[i+1])foriin

range(len(path_orig_dest_nodes)-1)]

from matplotlib.pyplot import figure

fig, ax = plt.subplots()
fig.set_size_inches(13,15)
# fig.set_dpi(100)

colormap=plt.cm.seismic
nx.draw(G, pos=pos,
cmap=colormap,node_color=list(nx.get_node_attributes(G,'danger_attr').values()),node_size=10,

edge_cmap=colormap, edge_color=list(nx.get_edge_attributes(G,'weight').values()),width=2)

sm = plt.cm.ScalarMappable(cmap=colormap)

sm._A=]]

plt.colorbar(sm,ax=ax)

fig.set_facecolor('#161616')
nx.draw_networkx_nodes(G,pos=pos,nodelist=[origin_node,destination_node],node_color=["g","r"],node_
size=30)

nx.draw_networkx_edges(G,pos=pos,edgelist=path_orig_dest_edges,edge_color = "y",width=5)
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plt.show()

nodes_to_visit=[(3,7),(46,2),(40,10),(45,20),(20,25),(4,28),(1,15)]
path_circular_nodes=nx.algorithms.approximation.traveling_salesman_problem(G=gG,
nodes=nodes_to_visit,
method=nx.algorithms.approximation.asadpour_atsp,
cycle=False)
path_circular_edges=[(path_circular_nodes[i],path_circular_nodes[i+1])for i in
range(len(path_circular_nodes)-1)]

from matplotlib.pyplot import figure

fig, ax = plt.subplots()

fig.set_size_inches(13,15)

# fig.set_dpi(100)

colormap=plt.cm.seismic

nx.draw(G, pos=pos,

cmap=colormap,node_color=list(nx.get_node_attributes(G,'danger_attr').values()),node_size=10,
# edge_cmap=colormap,

edge_color=list(nx.get_edge_attributes(G, 'danger_attr_edge’).values()),width=2)
edge_cmap=colormap, edge_color=list(nx.get_edge_attributes(G,'weight').values()),width=2)

sm = plt.cm.ScalarMappable(cmap=colormap)

sm._A=]]

plt.colorbar(sm,ax=ax)

fig.set_facecolor('#161616')

nx.draw_networkx_nodes(G,pos=pos,nodelist=nodes_to_visit,node_color=["g"],node_size=30)

nx.draw_networkx_edges(G,pos=pos,edgelist=path_circular_edges,edge_color ="y",width=5)

plt.show()
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Points to be visited tourist route.ipynb
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This file contains the implementation code for the tourist route use case. It

contains retrieving the starting graph from the OSM database, retrieving information

about the points of interest, modifying the graph using Gaussian functions, inverting

the values to non-positive and, again, path finding and TSP algorithms for both

directional and circular route use cases.

%matplotlib inline

# %matplotlib notebook

import shapely

import geopandas

import networkx as nx

import osmnx as ox

import matplotlib.pyplot as plt

import numpy as np

OX.__version__
class bbox:
def _init__ (self, north,south,east,west):
self.north=north
self.south=south
self.east=east
self.west=west
# download/model a street network for some city then visualize it
# G =ox.graph_from_place("Odeca, YkpaiHa", network_type="walk")
# fig, ax = ox.plot_graph(G)

# ox.io.save_graphml(G, "Odessa")

G=ox.io.load_graphml("Odessa")

fig, ax = ox.plot_graph(G)
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box= bbox(north=46.486292,south=46.480293, west=30.728495, east=30.745258)
G_box=ox.truncate.truncate_graph_bbox(G,box.north,box.south,box.east,box.west)

fig, ax = ox.plot_graph(G_box,show=False, close=False)
features_list_box=ox.features.features_from_bbox(box.north,box.south,box.east,box.west,
{"tourism":True})

features_list_box.head()
features_list_box_points=features_list_box[geopandas.GeoDataFrame(map(lambda x:
type(x)==shapely.geometry.point.Point, features_list_box["geometry"])).values]
features_list_box_points.head()
features_list_box_points_x=features_list_box_points["geometry"].x.values
features_list_box_points_y=features_list_box_points["geometry"].y.values
nodes=ox.distance.nearest_nodes(G,features_list_box_points_x,features_list_box_points_y)
nodes

nodes=list(filter(lambda x: x in list(G_box.nodes),nodes))

features_list_box_points.explore( marker_kwds={"radius": 6})

origin_point_longitude= 46.453293
origin_point_latitude= 30.708495

destination_point_longitude=46.486292

destination_point_latitude= 30.743258

fig, ax = ox.plot_graph(G_box,show=False, close=False)
ax.scatter(origin_point_latitude,origin_point_longitude, c='green’')
ax.scatter(destination_point_latitude,destination_point_longitude, c="red')
ax.scatter(features_list_box_points_x,features_list_box_points_y, c='blue')

plt.show()

origin=ox.distance.nearest_nodes(G_box, origin_point_latitude,origin_point_longitude)

destination=ox.distance.nearest_nodes(G_box, destination_point_latitude,destination_point_longitude)

# Negative weights???
path_orig_dest_fast=nx.algorithms.shortest_paths.astar_path(G_box,origin,destination,weight="length")
len(path_orig_dest_fast)

fig, ax = ox.plot.plot_graph_route(G_box,path_orig_dest_fast,show=False, close=False)



ax.scatter(features_list_box_points_x,features_list_box_points_y, c='blue')
plt.show()
def gauss_filter(x,y,p1,p2, sigma):
return np.exp(-((p1-x)*(p1-x)+((p2-y)*(p2-y)))/(2*sigma*sigma))
def attribute_value_func(point):
return 1
def get_nodes_attributes (G1, pointsl,name_attrl:str,sigma_local=1e-4, sigma_wide=1e-3,
k_local=1e2,k_wide=1el,default_value=0,improving_attr=True):
attr_dict={n:{name_attrl:default_value} for nin G1l.nodes}
for nin G1l.nodes:
foriin range(len(pointsl)):
point=pointsl.iloc[i]
point_x=point.geometry.x
point_y=point.geometry.y
addition_value=attribute_value_func(point)*(gauss_filter(point_x,point_y, G1.nodes[n]["x"],
G1.nodes[n]["y"],sigma_local)*k_local
+gauss_filter(point_x,point_y, G1.nodes[n]["x"],
G1l.nodes[n]["y"],sigma_wide)*k_wide)
if improving_attr:
attr_dict[n][name_attrl]=attr_dict[n][name_attrl]-addition_value
else:
attr_dict[n][name_attrl]=attr_dict[n][name_attrl]+addition_value
L=list(attr_dict.values())
if improving_attr:
min_attr_dict= min([L[i][name_attr1] for i in range(len(L))])
for nin G1l.nodes:
attr_dict[n][name_attrl]=attr_dict[n][name_attrl]+abs(min_attr_dict)

return attr_dict

interestingness_attr=get_nodes_attributes(G_box,features_list_box_points,"interestingness_attr",
improving_attr=False)

nx.set_node_attributes(G_box,interestingness_attr)
print(max([G_box.nodes[n]["interestingness_attr"] for nin
G_box.nodes]),min([G_box.nodes[n]["interestingness_attr"] for n in G_box.nodes]))

def get_edges_attributes(G1,name_attrl,k_length=0.2,k attr=0.8,improving_attr=True):
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attr_dict={edge:{name_attr1:0} for edge in G1l.edges}
for edge in G1l.edges:
# IF DIGRAF
attr_dict[edge][name_attrl]=k_length*G1.edges[edge]["length"]
# IF NOT DIRECTED GRAF:
# max_val=max(G1.nodes[edge[1]]["danger_attr"],G1.nodes[edge[0]]["danger attr"])
# attr_dict[edge][name_attr1]=max_val*k_attr+k_length*G1.edges[edge]["length"]
if improving_attr:
attr_dict[edge][name_attrl]= attr_dict[edge][name_attrl]-
Gl.nodes[edge[1]]["interestingness_attr"]*k_attr
else:
attr_dict[edge][name_attrl]=
attr_dict[edge][name_attr1]+G1.nodes[edge[1]]["interestingness_attr"]*k_attr
# Attempts to prevent preference for short edges
# attr_dict[edge][name_attrl]=
((attr_dict[edge][name_attr1])**(1/2))*G1.nodes[edge[1]]["interestingness_attr"]*k_attr
# attr_dict[edge][name_attrl]=

attr_dict[edge][name_attr1]*(1+G1.nodes[edge[1]]["interestingness_attr"]*k_attr)

L=list(attr_dict.values())
if improving_attr:
min_attr_dict= min([L[i][name_attr1] for i in range(len(L))])
for edge in Gl.edges:
attr_dict[edge][name_attrl]=attr_dict[edge][name_attrl]+abs(min_attr_dict)

return attr_dict

interestingness_attr_edge=get_edges_attributes(G_box,"weight",improving_attr=True)
nx.set_edge_attributes(G_box,interestingness_attr_edge)
def dist_euclidean(a, b):

x1=G_box.nodes[a]["x"]

x2=G_box.nodes[b]["x"]

y1l= G_box.nodes[a]["y"]

y2=G_box.nodes[b]["y"]

return ((x1 - x2) ** 2 + (y1 -y2) **2) ** 0.5



path_orig_dest=nx.algorithms.shortest_paths.astar_path(G_box,origin,destination,
weight="weight",heuristic=dist_euclidean)

len(path_orig_dest)

fig, ax = ox.plot.plot_graph_route(G_box,path_orig_dest,show=False, close=False)
ax.scatter(features_list_box_points_x,features_list_box_points_y, c="'blue')

plt.show()

# Taking into account negative interestingness may lead to some fair results.
nodes_coord=ox.utils_graph.graph_to_gdfs(G_box, edges=False, node_geometry=False)[["x", "y"]]

nodes_coord.head()

fig, ax = ox.plot.plot_graph(G_box,
#

node_color=ox.plot.get_node_colors_by attr(G_box,"interestingness_attr",cmap="seismic_r'),

node_color=ox.plot.get_node_colors_by_attr(G_box,"interestingness_attr",cmap='seismic'),
edge_color=ox.plot.get_edge colors_by attr(G_box, "weight",cmap='seismic_r'),
figsize=(15,15),show=False, close=False)

ax.scatter(features_list_box_points_x,features_list_box_points_y, c='g')

ox.plot.plot_graph_route(G_box,path_orig_dest,route_color="y",ax=ax,show=False, close=False)
ox.plot.plot_graph_route(G_box,path_orig_dest fast,route_color="magenta",ax=ax)
path_circular=nx.algorithms.approximation.traveling_salesman_problem(G=G_box, weight="weight",
nodes=nodes[0:1]+nodes[12:17],
method=nx.algorithms.approximation.asadpour_atsp,
cycle=False)

fig, ax = ox.plot.plot_graph(G_box,

node_color=ox.plot.get_node_colors_by_attr(G_box,"interestingness_attr",cmap='seismic'),
edge_color=ox.plot.get_edge_colors_by_attr(G_box, "weight",cmap='seismic_r'),
figsize=(15,15),show=False, close=False)
ax.scatter(features_list_box_points_x,features_list_box_points_y, c='g')

ox.plot.plot_graph_route(G_box,path_circular,route_color="y",ax=ax)
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