Supplemental material to “Enhancing digital road networks for better

transportation in developing countries”

This document provides additional background on several notions discussed in the paper: Enhancing digital
road networks for better transportation in developing countries. In this document, we will refer to this paper

as the paper.

SM 1 Initial graph

To create an initial graph, we use information of roads that exist in OpenStreetMap| (2022). Using the
work of Boeing| (2017), we are able to initialize a digital road network (graph) that has the OSM features
(e.g., type of road, oneway, length,..). He develops a method to easily extract the information from OSM
into graph structures in Python. Each edge of the graph representing the road network consists of two end
nodes, and its geometry (shape). This geometry, in turn, consists of a set of points that can be connected
by straight lines to obtain the geometry of the edge. In Table |1} we show a sample of how the edges of the

graph are represented.

ID highway oneway length geometry maxspeed u v key
1 primary False 601 LINESTRING (99.5122 -0.7382, 100.514... 40 mph 1 3 0
2 residential False 700 LINESTRING (99.5122 -0.7382, 100.514... 20 mph 1 3 1
3 trunk False 139 LINESTRING (99.5485 -0.7669, 100.549... 15 mph 2 3 0
6  track True 651 LINESTRING (99.5557 -0.7722, 100.555... 15 mph 6 5 0

Table 1: Sample of the edges of a graph that represents a road network. Highway indicates the importance of the
highway within the road network, and u (v) represents the ID of the start (end) node of this edge. Note that there
may be multiple different roads (and therefore edges) between the same start and end node. These are distinguished
using a key in the last column.

SM 2 Preprocessing algorithm

As discussed in the paper 77, a set of GPS trajectories, that consists of GPS points, is used to enhance a
graph. The algorithm works best when the trajectories do not contain any large outliers or useless points
(e.g., duplicate points). A preprocessing algorithm is used to obtain trajectories (which could be parts of
current trajectories), that contain as few outliers as possible. We refer to these new trajectories as trips. In
other words, we want to create trips for which we can assume that the GPS points in a trip do not contain
large outliers, and are received in a consecutive order while the vehicle was driving on the roads. Moreover,
in this preprocessing algorithm, we want to obtain information that we can use to compute the Most Likely
Distance Covered (MLDC), and the Maximum Distance Covered (MDC).

We distinguish two situations in which we run the preprocessing algorithm. First, we discuss the situation in
which we have a set of consecutive GPS points (consisting of latitude/longitude pairs) that includes a time

stamp and a speed/course registration of the vehicle at all times. Afterwards, we discuss the preprocessing



algorithm that should be used when merging two existing road networks.

For preprocessing, we use the following settings. First, a vehicle is assumed to be idle when its speed is
below threshold v™". In this situation, we consider the truck to be down/idle. Secondly, we define t™* as
the maximum time a truck is down while driving the same trip. If a truck, for instance, has to wait for a

traffic light, then we want the trip to continue. However, if the down time exceeds t™#*

, We are not sure
whether the truck has changed its location inbetween (while not sending its GPS location). Thirdly, v™* is
the maximum speed that a truck may drive inbetween two GPS points. An obvious choice might be to use
the speed limit of the region. This number is used to determine an upper bound on the distance covered
inbetween two GPS points. Finally, we use three settings that determine how much information is kept in
the trips. First, ™" is the minimum time inbetween GPS points. Occasionally, a GPS tracker might return
its location after only a few seconds. Since this does not improve the final result of the algorithm, we exclude
GPS points that are returned within 6™ time from the last point saved in the trip. Secondly, we exclude
GPS points that are within a radius of ™" from the last point saved in the trip. This slightly smoothens
the trip, because close points do not occur anymore. Thirdly, we only add trips to the final dataset that
Jmin

contain at least points. Using these settings, we can preprocess a GPS trajectory into a set of trips.

The proposed algorithm is shown below in Algorithm

We preprocess a GPS trajectory (dataset) 7. We extract the driving pieces of the dataset and remove the
points at which the vehicle is idle. This is done using v™® and #™#*. Note that waiting for a time less than

™% is not considered as being in an idle state. The result is a set of subtrips S (1ine 2).

Next, let R be the final set of trips. We start with R being an empty set, after which we add trips to this
final set in a sequential manner. Let 7" be a set of (consecutive) GPS points that will form a trip that will

be added to the final set R. Note that this set also starts as an empty set.

We start processing all GPS points that occur in S. If we are creating a new trip (77 = (), line 5), we
always add the current point to the trip that is being created (1ine 6). When having at least one point in
the current trip, we check if we could add the next point to trip 77. We first check whether this point is
not too close to the last point in 7" (using d™™). More specifically, we compute the linear distance covered
(LDC). This is the linear distance between the last point in 7”, and the current point that may be added
to T” (1ine 10). If it is too close, we do not add the point and we start examining the next point in s. If
it is not too close (1ine 11), we add the point if it could have been reached from the last point in 7”. For
this constraint, we compute the maximum distance covered (MDC, line 12), which is an upper bound on
the distance that the vehicle had covered. This MDC is based on the distance that a vehicle could drive

max) within the amount of time between receiving this GPS point and receiving the last point of 7".

(using v
Now, if the LDC is larger than the MDC, we could not reach the current point from the last point in 7".
The truck most likely changed location without sending its GPS location(s). If the cardinality of 7" is at
least [™" we add the current trip, 7’, to R (1ine 16-18). Then, we start a new (temporary) trip T7'. We
immediately add the current point as the starting point of this temporary trip 7”7 (1ine 19). If the MDC is
larger than the LDC, which implies that the point may be received during the same trip, we check whether

the time between receiving this point and the last point in 7" is larger than §™. If so, we assume that this



Algorithm 1 Preprocessing GPS trajectory 7

1: procedure PREPROCESS(T)

2 Find subtrips, S, that comprise consecutive GPS points (based on v™" and #™2X)

3 R, T =0,0

4 for s € S do > For each subtrip in S
5: for p € s do > For each GPS point in subtrip s
6 if 7" = () then

7 T =T U{p}

8 pP-1=Pp

9: else

10: LDC = distance(p, p—1, using location) > Linear distance covered (LDC)
11: if LDC > d™" then

12: MDC = distance(p, p—1, using speed) > Maximum distance covered (MDC)
13: if (LDC < MDC) and (timediff(p, p_;) > ™) then

14: T =T U{p}.

15: else if LDC > MDC

16: if |T'| > ™ then

17: R=RUT

18: end if

19: T = {p}

20: end if

21: end if

22: end if

23: end for

24: if |T'| > ™" then

25: R=RUT

26: end if

27: end for

28: return R > Final set of trips

29: end procedure

point is part of the trip that is currently being created. We add the point to 77 (1ine 14). If not, we start
examining the next GPS point. After going through all the GPS points in s, we add the final temporary
trip, T”, to R, if the cardinality of 7" is at least [™" (1ine 24-26).

During the preprocessing algorithm we also save additional information in R that is needed in the main
algorithm discussed in Section 2 of the paper: the course of GPS points and the distance covered inbetween
GPS points. First, if the course with a GPS point is unknown or uncertain we re-compute the course
between this point and the next point (if possible). Alternatively, we can set the course equal to the course
of the previous or next point. Secondly, we ideally want to know the distance covered inbetween all GPS
points. As this is difficult to obtain using only the location and speed of the two GPS points, we use an
interval: the most likely distance covered (MLDC) interval. The lower bound of this interval, the minimum
most likely distance that is covered, is assumed to be the linear distance (LDC) between the current GPS
point and the last point in 7. The upper bound of this interval, the maximum most likely distance covered,

is based on the speed and the timestaps of the current GPS point and the last point in 7. We have two



speed registrations, one for this last point and one for the current point. We also have the time between
these two GPS points. Therefore we can compute the distance covered when driving the speed of the last
point, or the current point, the whole time. Using the maximum of these two speed registrations, we can
compute the maximum most likely distance covered. Note that there may exist points with an uncertain
speed record. For these points, we can set the speed equal to the mean of the previous and next speed
registration. Next to the MLDC, we also save the maximum distance covered (MDC). This number can be
used to check whether it is possible to project on an edge. Note that this upper bound is different from the
upper bound of the MLDC. The MLDC is an expectation, but it may be exceeded. The MDC is supposed

to be certain. In Table [2| we show a sample of a trip from a preprocessed GPS trajectory.

Date Latitude Longitude Speed Course MLDC MDC

2020-04-11 09:52:05 -0.40833 102.61859 55.0 -1 -
2020-04-11 09:52:16 -0.40826 102.61706 61.0 272 (170.3, 186.4) 244.4
2020-04-11 09:52:25 -0.40812 102.6158  48.0 280 (141.0, 152.5) 200.0
2020-04-11 09:52:36 -0.40785 102.61473 37.0 291 (122.7, 146.7) 2444

Table 2: Sample of a trip from a preprocessed GPS trajectory.

Note that for the first point of a trip, no distance computations can be made, as there is no previous point

in the trip.

Finally, consider the situation in which we want to merge two existing networks (which do not rely on GPS
trajectories). In this case, we slightly adjust the preprocessing algorithm. One of the graphs represents
the initial (starting) graph. The other graph is transformed into a set of trips. To do this, we extract all
interior points of the geometry of a road. This new list of points (or coordinates) is seen as a trip. Note
that this means that there are no outliers in these trips, each point is a point on the road. Moreover,
LDC, both bounds of MLDC and the MDC are considered to be the same; the linear distance between the
corresponding GPS points. The course between two GPS points, which is also used in the final algorithm,
can also be computed by using the location of both points. Note that since the speed of the vehicle is not

used in the final algorithm, we do not (try to) include this quantity in the dataset.

SM 3 Algorithm

In this section, we start with elaborating on two specific functions that are used in the proposed algorithm:
the Project_point and the Add_point_to_new_edge (SM 3.1). Then, we discuss two exceptions used in
the algorithm (SM 3.2 and SM 3.3).

SM 3.1 Preliminary functions

First, we discuss two preliminary functions that are used in the algorithm. We describe how we project a

point onto a given network and we describe how to adjust the geometry of an existing edge.



SM 3.1.1 Project_point(graph = (G, point =p, (close_to_point = p®, direction = d),

connect = ¢, settings = s)

We discuss how to project a point p onto graph G. There are multiple situations in which a point can
be projected. Therefore, we include additional parameters that determine how the projection should be
performed. First, the point may need to be projected close to another point, p® in a particular direction.
Either, p° is the previous point and we project p after p° (d = forward), or p¢ is the next point and we
project p before p°¢ (d = backward). In both cases, we include information about the maximum distance
covered (MDC) and the most likely distance covered (MLDC), from p¢ to p (d = forward), or from p to
p¢ (d = backward). Secondly, we specify the goal of projection by indicating whether we want to use the
projection point to connect it with the network (¢ = True), or we use the projection point for absorption
in the existing network (¢ = False). Finally, we include all algorithm settings that are introduced in the

paper. For clarity, we show the used settings in Table

Setting UoM Symbol
Maximum projection distance, existing edges m cz
Maximum projection distance, new edges m d
Maximum difference in bearing deg. a

Table 3: Algorithm settings used in the Project_point procedure.

Next, we distinguish three situations in which we may want to project a point.

First, we want to project p onto G when we do not need to be close to a point and we do not want to
make a new connection with the network. To do this, we consider all edges that are within d distance
from p (without incorporating the direction of the point and edge). For each of these edges, we find the
best candidate point for being the projection of p incorporating the direction of the point and edge. The
best point, and therefore the projection point, is the candidate point with the smallest distance to p while

satisfying the maximal difference in direction, a.

Secondly, consider the situation in which we want to project a point when we do need to be close to
another point with direction d, but we do not want to make a new connection with the network (p° # None,
¢ = False). In this case, we perform the same operations as for the case when we do not need to be close
to a point. As before, the projection point must satisfy the maximal difference in heading, &, and it must

be within d (or d) distance from p. However, it does not need to be the point with the smallest projection
distance. In this case, we also use the MLDC and MDC.

To illustrate this usage, we show an example in which we need to project p in a forward direction. This
means that we include the MDC and the MLDC from p° (to the projection point). The situation in which
we need to project p in a backward direction can be done in a similar manner (we do note that this latter
situation is not used in the proposed algorithm). So, when projecting p in a forward direction, we only
consider points to be a projection point for which the distance from p¢ to the projection point is smaller than

the MDC from p° to p. If no such projection point exists, the point cannot be projected onto the graph G.



If at least one candidate projection point exists, we have to decide which point is the best projection point.
As a performance metric, we now include the distance to the MLDC interval. Any point that lies within
this interval receives a score of zero. The final projection point is the point that minimizes the sum of the

projection distance and the distance to the MLDC interval. In Figure [l we visualize these two metrics.
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Figure 1: Illustration of the distance covered performance metric. When projecting a point (red dot) onto the
network, we only consider candidate points that are reachable from p©. In other words, the distance covered is smaller
than the maximum distance covered (red mark). Moreover, we prefer to project within the region that is most likely
reached since p° (red thick line). The final projection point is the point that minimizes the sum of the projection
distance and the distance to the MLDC region.

Note that this means that there could be multiple candidate projection points on one edge if these points
satisfy the maximum projection distance and the maximum difference in heading. The best candidate point,
or projection point, then, depends on the performance metric as described above. In Figure [2| we visualize
how projection close to a point p€, in a forward direction, is performed when we do (right plot) and when

we do not (left plot) incorporate the distance covered.

(a) Not incorporating distance covered. (b) Incorporating distance covered.

Figure 2: Projecting point p on the network, close to point p©, in a forward direction. When not incorporating
distance covered, the closest point to the edge is the possible projection point. When incorporating distance covered,
we have for each line piece a possible projection point. The best one depends on the projection distance and the
distance to the MLDC.

Thirdly, we consider the situation in which we want to project p onto the network in order to connect p with
the network. Note that when connecting a point to the network, we must project the point, since we know
that a connection exists. Therefore, we do not incorporate the maximum projection distance d. We assume
that if we establish a connection to the network, we have to be close to a point (p° is defined) in either
a forward or backward direction. Therefore, we again incorporate the distance covered from p€, and we
choose the projection point that minimizes the projection distance and the distance to the MLDC interval.
In this case, projecting close to a point p¢, in a forward direction, is performed in a similar way, as when
not making a connection with the network (see Figure . However, now, we do not include the maximum
projection distance or difference in heading (the vehicle may have entered a road in a different direction).

Moreover, now, the distance covered is the distance from p¢ to the p (note that p is not absorbed). That



means that the projection distance is now included in the computation for the distance covered.

For the sake of completeness, in Figure [3, we visualize the situation in which we project a point close to a

point p€ in a backward direction.

(a) Not incorporating distance covered. (b) Incorporating distance covered.

Figure 3: Connecting point p with the network close to point p° in a backward direction. When not incorporating
distance covered, the closest point to the edge is the possible projection point. When incorporating distance covered,
we have for each line piece a possible projection point. The best one depends on the projection distance and the
distance covered.

SM 3.1.2 Add_point_to_new_edge(edge = ¢, point = p, line_piece = [)

This method is used to adjust the geometry of edge e, by including point p in this edge on line piece . First,
we only adjust edge e when p is not close to one of the existing interior points. In this way, we keep the

geometry of edges as smooth as possible.

In general, adjusting the geometry of edge e only involves adding point p between the start and end node
of line piece [. This procedure is visualized in Figure |4 where the gray polygon represents the actual road
geometry, and the black dots represent interior points of the existing edge. This visualization also shows a

situation in which adjustment of an edge improves the geometry of the edge.

Figure 4: Adjusting the geometry of an edge with an uncertain geometry. We include point p explicitly in the
geometry of the road, which improves the geometry of the edge representing the road (gray polygon).

When applying this method, two special cases require more adjustments: when a new GPS point is explicitly
added to the geometry of a newly created edge before the first, or after the last interior point of that geometry.
Note that the connection of a newly created edge to the network is determined based on the first or last

interior point of a geometry, depending on the connection of the start or end node of the edge. Therefore, in



both special cases, the connection node of the edge may need to be adjusted due to the addition of this new
GPS point. We will illustrate this adjustment procedure for a point that is explicitly added after the last
interior point of the geometry of a newly created edge. Consider the situation in Figure The existing
edge that is coming from above is an edge that has previously been added by our algorithm. Note that the
last interior point of this edge has been used to connect the edge with the current network (edge below).
When connecting, the restriction was to project this last point close to p® (in a backward direction) using
the distance covered information at that time. Note that this information and p® are both stored in the
close_to_point_end attribute of this (newly created) edge e. We want to include point p in the geometry
of the existing (newly created) edge on the piece between the last interior point and the connection node
(see Figure . We start with removing the edge piece between the last interior point of the geometry and
the connection node. Then, we add point p as a new (last) interior point to this geometry, and we reconnect
this edge onto the existing network. For this, we use the distance covered information that was used when
the edge was created. In other words, we want to project p close to p® (in a backward direction) using the
distance covered information from the close_to_point_end attribute. One remark is that we do not use
the lower bound of the most likely distance covered in this case, as we are now (most likely) getting closer

to p¢. Therefore, we set this lower bound equal to zero in this case. The result is illustrated in Figure

(a) Original situation. (b) Adjusted situation.

Figure 5: Adjustment procedure when a point p is absorbed by an existing newly created edge, on the edge piece
between the last interior point and the connection node.

The adjustment procedure for a point that is explicitly added before the first interior point of the geometry
of a newly created edge is similar. In this case, we add point p as a new (first) interior point to this
geometry, and we reconnect this edge onto the existing network with a restriction that we must be close
to point p¢, in a forward direction. There is one additional difference. In this case, we can update the
close_to_point_start from edge e. To find the new connection node, we can now use the previous
point that was absorbed (instead of the close_to_point_start from e). After that, we can also store
this information as the new close_to_point_start of e (as this point is, most likely, closer to the "real”
connection node). When adding a point after the last GPS point of an edge, we do not know anything
about the connection node of that edge. Therefore, only when we add a point before the first interior point,

we use the previous point and update the close_to_point_start information.



SM 3.2 Point that can and can not be absorbed

As discussed in the paper, a GPS point may be the first point that could not be absorbed, but also be the
point that connects to the network again, due to the distance covered requirements were not met the first
time. In this case, we do not re-project the previous point, but we project the start node of the new edge.
As this start node was created based on p, and we want the end node to be again close to p, we expect that
a minimal distance is covered inbetween these points. Therefore, we use zero as lower and upper bound in
the MLDC interval, when projecting the start node close to p. The new projected point is added as node

and we split the edge onto which this node exists into two edges. This situation is sketched in Figure [6]
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Figure 6: Finishing an edge that is based on a point that is the first point that could not be absorbed, but also be
the point that connects the edge to the network again. SP (EP) is the start (end) node of the new edge.

SM 3.3 Handling the start/end point

In the paper, we discuss how a GPS trajectory is used to enhance a given graph. We do this using examples
of GPS points that often have at least one predecessor and one successor. However, obviously, this is not
the case for the start and end point of a GPS trajectory. Next, we discuss the procedure for handling these
two special points. This differs only slightly from the regular situation with at least one predecessor and

successor.

We start with discussing the starting point. As for other points, we try to absorb this point in the existing
network. Note that this is done by driving or merging, and that we do not incorporate the distance covered,
as there is no previous point. This also means that absorption by turning does not make sense. If the start
point could be absorbed, we store the projection information and move on to the next point. If the start
point could not be absorbed, we add this point explicitly as a node in the graph. We first check if we can
project the point onto an existing edge, without incorporating the direction of the point. If the start point
can now be projected, we add the projected start point to the network, either explicitly or by merging with
an existing point. If we add the point explicitly, we make sure that it is added in two ways (if possible),
because we do not have any relevant information about the direction of this point (note that it could not
be absorbed). We store the projection information and move on to the next point. Note that this means
that a connection is established with the existing network. If the start point could not be projected onto
an existing edge, we add the start point as a new node and start a new edge (with no connection to the

existing network).

For end points, we require additional steps. When an end point could not be absorbed, we know that we



were creating a new edge. The end point was not absorbed, but, now, we still do need to finish the edge. We
first check if we can project the end point onto an existing edge (without incorporating the direction of the
last point). Since we do not use the distance information when creating a new edge (we do not need to be
close to a previous point because the previous point could not be absorbed), we just look at the maximum
projection distance. If the end point could be projected, we add the projected end point to the network,
either explicitly or by merging with an existing point. If we add the point explicitly, we make sure that it is
added in two ways (if possible), because we do not have any relevant information about the direction of this

point. If the end point could not be projected onto an existing edge, we add the end point as a new node.

Next, we check, as for finishing a regular new edge, whether the edge must be added or ignored. Note that
this edge will not be used to adjust the geometry of an existing newly created edge, as this end point was
not absorbed. Therefore, the requirements for adjustment will never be met. So, we look at the (absolute)
difference between the length of this new edge and the length of the shortest path between the start and
end node of the new edge in the current graph (without the new edge). If this difference is larger than two
times the maximum projection distance, we add the new edge to the network. Otherwise, we do not add
the edge.

SM 4 Results

When discussing the PemPem case study, we use 14,846 trips to enhance the initial graph. These trips
are obtained using the preprocessing process, as described in SM 2. For this case study (PemPem), we use
data of 2,047 files. Each file registers the GPS trajectory of a vehicle on one specific day. The average time
inbetween consecutive GPS points ranges from 10 to 60 to 90 seconds, depending on the tracking device
used. We use the preprocessing algorithm to create trips from these files. Note that this involves removing
potential outliers of GPS trajectories and duplicate consecutive GPS points. The preprocessing algorithm
settings used are summarized in Table[dl Note that these settings are chosen in cooperation with PemPem.

They can be adjusted to a specific case, as is explained in SM 2.

Setting UoM Symbol Run 1
Down speed km/h pmin 3
Maximum down time S gmax 125
Maximum speed km/h pmax 80
Minimum linear distance covered m dmin 10
Minimum time between points S ymin 5
Minimum trip length points [min 5

Table 4: Preprocessing algorithm settings.

In Table [5, we state the main results of applying the preprocessing algorithm to the set of GPS trajectories.

Out of the 14,960 OD pairs, 114 are beyond the considered region that we would like to enhance. Therefore,
these 114 trips are disregarded, which means that 14,846 trips are used in the extension algorithm. Ideally,

10



Full dataset Preprocessed dataset

# GPS points 4,143,392 408,475
Number of trips - 14,960

Table 5: Characteristics of the 2,047 files

each of the trips now consists of a set of consecutive GPS points that represent locations on the road onto
which the corresponding vehicle was driving. In other words, a road exists between two consecutive GPS
points.
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