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Abstract
Routing in ad hoc networks is a complicated task because of many reasons. The nodes are low-memory, low-powered, and they cannot maintain routing tables large enough for well-known routing protocols. Because of that, greedy
forwarding at intermediate nodes is desirable in ad hoc networks. Also, for traﬃc engineering, multi-path capabilities
are important. So, it is desirable to deﬁne routes at the source like in source based routing (SBR) while performing
greedy forwarding at intermediate nodes.
We investigate trajectory-based routing (TBR) which was proposed as a middle-ground between SBR and greedy
forwarding techniques. In TBR, source encodes trajectory to be traversed and embeds it into each packet. Upon the
arrival of each packet, intermediate nodes decode the trajectory and employ greedy forwarding techniques such that
the packet follows its trajectory as much as possible.
In this paper, we address various issues regarding implementation of TBR. We also provide techniques to eﬃciently
forward packets along a trajectory deﬁned as a parametric curve. We use the well-known Bezier parametric curve for
encoding trajectories into packets at source. Based on this trajectory encoding, we develop and evaluate various greedy
forwarding algorithms
 2004 Elsevier B.V. All rights reserved.
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Ad hoc networks have their own characteristics
which lead to signiﬁcant amount of research in the
area. Particularly, routing in ad hoc networks is a
complicated task because of many reasons. For
example, nodes are generally low in memory and
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power, and hence they cannot maintain routing tables large enough for well-known link-state or distance-vector routing protocols. This is known as
stateless routing [1], since nodes do not maintain
routing tables representing network state. Moreover, nodes are mobile which makes it harder to
converge for typical proactive routing protocols.
So, because of its stateless nature, greedy forwarding (e.g. FACE [2], GPSR [1] and Cartesian
routing (CR) [3]) of packets at intermediate nodes
is desirable in ad hoc networks. Also, for traﬃc
engineering, multi-path capabilities (e.g. source
based routing (SBR) [4]) are desirable. However,
it is not possible to employ well-known multi-path
routing techniques (e.g. MPLS [5], or others [6]) in
ad hoc, particularly mobile, networks. Niculescu
and Nath [7,8] proposed trajectory-based routing
(TBR) as a middle-ground between SBR and
greedy forwarding techniques. In TBR, source
encodes trajectory to traverse and embeds it into
each packet. Upon the arrival of each packet, intermediate nodes employ greedy forwarding techniques such that the packet follows its trajectory
as much as possible. This way, routing becomes
source-based while there is no need for routing
tables for forwarding at intermediate nodes.
Furthermore as another motivation for TBR,
there is a new trend toward application-driven networking [9], particularly in sensor networks. In this
new networking paradigm, applications can communicate with network and customize network
behavior based on their own requirements. For
example, consider an image processing application
which collects pictures taken at diﬀerent nodes in
the network and merges them into a 3D picture
of a scene. Consider the example network in Fig.
1. Assume that the application is running at nodes
A and B, and wants to create a large picture that
captures the west of mountains. Observe that traditional shortest-path routing is not suitable for
this type of application since the shortest path
from A to B traverses nodes that are far from
the west of mountains. A more suitable routing
for this application is to route such that this applicationÕs traﬃc traverses nodes that are close to the
trajectory deﬁned as the west of mountains. This
trajectory is also drawn as a parametric curve in
Fig. 1. So, TBR is promising for such applications,

Fig. 1. An example for using TBR in an application: the
application collects photos of the ‘‘west of mountains’’, which
causes best route to be diﬀerent than traditional shortest-path
routing.

examples of which can be extended, e.g. collecting
measurements from sensors deployed over a river,
routing without crossing into an undesired area.
In [7,8], Niculescu and Nath described basic
features of TBR along with a local positioning system (LPS). Since it has a greedy forwarding mechanism, TBR needs support for positioning of
wireless nodes. As a solution to this problem, various positioning systems such as GPS [10] can be
used. However, GPS requires high power availability which is diﬃcult and costly in implementation of low-power ad hoc networks. For this
purpose, GPS-free positioning techniques [11,12]
as well as Nath and NiculescuÕs LPS can be used
to enable TBRÕs implementation at low-power
nodes without GPS support. So, in this paper,
we assumed that nodes have a knowledge of their
positions with respect to a mutually known coordinate system. This assumption is reasonable as the
use of GPS as well as other positioning tools are
becoming more popular [13–17,11,12].
In TBR, one important issue to explore is how
to eﬃciently forward packets along a deﬁned parametric curve Q(t). Niculescu and Nath experimented with simple parametric curves such as sine
curve, and left the question of how to encode various trajectories into packets as a parametric curve.
In this paper, we propose an eﬀective method
of encoding trajectories into packets at source.
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For trajectory encoding, we propose to use Bezier
curves [18] which give a lot of ﬂexibility in the
greedy forwarding of TBR while it is possible to
deﬁne a broad range of curves with them. We also
describe a protocol for implementing longer and
more complex trajectories as a concatenation of
Bezier curves. Given this trajectory encoding technique at source, we present various mechanisms
to perform forwarding at intermediate nodes.
Contributions of this paper can be listed as follows:
 Methodology for encoding and decoding trajectories by using cubic Bezier curves.
 Implementation of TBR using Bezier curves,
which gives enough ﬂexibility to deﬁne a large
range of trajectories (e.g. zig-zag, circular).
 An implementation protocol of TBR for longer
and more complex trajectories, virtually without any limit on the length and complexity of
the trajectory.
 Implementation of the forwarding methodology, lowest deviation from curve (LDC), that
performs optimally in terms of obeying the trajectory in forwarding.
 Evaluation of the forwarding technique LDC as
well as several other intuitive forwarding techniques.
 Packet-based ns-2 simulation of these new
implementation and forwarding techniques.
The rest of paper is organized as follows: First,
in Section 2 we describe details of Bezier curves
and how to use them for trajectory encoding in
TBR. In Section 3 we brieﬂy describe ways of scaling packet header for trajectory encoding with
Bezier curves. Next in Section 4, we propose various greedy algorithms for packet forwarding in
TBR with Bezier curves. In Section 5, we present
ns-2 simulations of the forwarding algorithms
and evaluate their performance. Finally, in Section
6 we summarize the work.
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in special purpose fonts. These curves are deﬁned
by a number of points––source, destination, and
some control points. Depending on the number of
control points, they are named accordingly. For instance, a Bezier curve deﬁned by one control point
is called as quadratic Bezier curve, while the one
which is deﬁned by two control points is known
as cubic Bezier curve. More details about basic calculations for Bezier curves can be found in [18].
There are other forms of Bezier curves such as
quintine Bezier curves (three control points), but
our choice of using cubic Bezier curve was dictated
by its simplicity as well as ease of computation.
2.1. Forwarding along a cubic Bezier curve
Shape of a Bezier curve is dependent on the
locations of the control points. A sample cubic
Bezier curve is shown in Fig. 2. It can also be
represented in its parametric form, Q(t). When
parameter t = 0, it represents the source point of
the curve, while t = 1 represents the destination
point of the curve.
More speciﬁcally, a cubic Bezier curve is represented algebraically as
QðtÞ ¼ X ¼ A t3 þ B t2 þ C t þ X0 ;
where
 
x
X¼
;
y
 
cx
C¼
;
cy


A¼
X0 ¼

ax


;

ay
 
x0
y0

ð1Þ


B¼

bx
by

:

2. Using Bezier curves for TBR
Bezier curves are special types of curves that are
used in the area of graphics for representing letters

Fig. 2. A cubic Bezier curve.


;
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For the third order polynomial shown in (1), the
coeﬃcients A, B, C are unique if the following
equation system is satisﬁed: 2
C ¼ 3ðX1  X0 Þ;
B ¼ 3ðX2  X1 Þ  C;

ð2Þ

A ¼ X3  X0  C  B:
Here, X0, X1, X2, and X3 are vectors similar to X
containing the x and y coordinates of source point,
control point-1, control point-2, and destination
point respectively.
So, given the coordinates of the source (x0, y0),
destination (x3, y3), and the two control points (x1,
y1) and (x2, y2), one can calculate constants A, B,
and C from the equation system (2), thereby recovering the complete Bezier curve.
Our idea is to use this mathematics to encode
the complete trajectory into each packet, by putting the coordinates of source, destination, and
the two control points into packet header. Then,
solve the equation system in (2) to decode the complete trajectory at any intermediate node. Alternatively, putting the coordinate of source point and
the three constant vectors A, B, and C into packet
header will also work.
2.2. Closest point on the Bezier curve
Given a trajectory deﬁned by a Bezier curve, the
nodes can either be on the Bezier curve or could be
near the Bezier curve. In order to implement forwarding algorithms, for a node near the Bezier
curve, we need to ﬁnd where this node corresponds
on the Bezier curve. This is actually the point on
the curve closest to the node.
Finding the Bezier curve point closest to a node
is a non-trivial task. In Fig. 3, the node does not lie
on the Bezier curve. To calculate the point on the
curve which is nearest to the node, we draw a perpendicular on the tangent of the curve. Now, with
Q(t) being a third order polynomial and the
tangent Q0 (t) being a second order polynomial,
we get a ﬁfth order polynomial when we have
Q(t)Q0 (t) = 0. One root of this equation will be

2

Please refer to [18] for proof.

Fig. 3. A node near a trajectory deﬁned by a Bezier curve Q(t).

the point on the Bezier curve Q(t) nearest to the
node [19]. Roots of a ﬁfth degree polynomial can
be computed but ﬁnding roots of the polynomial
with order greater than ﬁve is not known.
Given the above methodology to ﬁnd the nearest point a Bezier curve, we now ﬁx a terminology
to ease writing rest of the paper. Given a Bezier
curve Q(t) and a node Ni as shown in Fig. 3, we
call the value of parameter t at the curve point
closest to Ni as residual of Ni and represent it by
ti. The closest curve point itself is called as residual
point of Ni, and represented by Q(ti). Finally, we
call the distance between the node and Q(ti) as
the residual distance of Ni and represent it by di.

3. Long or more complex trajectories
If we consider applications such as traversing a
river or capturing eastern face of a mountain into
a picture, these applications will require consideration of curves which could be represented by
using much more number of control points than
two. Such a curve will be very diﬃcult to encode
in the packet header, because we will have to encode each and every control point which would
make the header bulky. Also, computation for
decoding such a Bezier curve is extremely diﬃcult
during the time of greedy forwarding.
As shown in Fig. 4, one way to deﬁne long trajectories is to split the trajectory into smaller pieces
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Fig. 4. A long zig-zag trajectory as a concatenation of cubic Bezier curves.

which can be represented by cubic Bezier curves
(i.e. two control points). So, the complete trajectory is deﬁned as a concatenation of a series of
cubic Bezier curves. We call the concatenation
points as middle points, shown as I1 and I2 in Fig. 4.
Before starting the actual transmission of data,
the source can probe the ad hoc network by sending a control-plane packet which includes the
whole trajectory with n control points. Upon arrival of that probe packet, an intermediate node divides the whole trajectory into equal pieces, 3 and
checks whether itself is close enough (e.g. within 5
m of radius) to one of those middle points. If so,
that particular node identiﬁes itself as a special
intermediate node (SIN) for this source-destination pair and sends an acknowledgement to the
source. The source conﬁrms SIN by replying to
the acknowledgement (this is necessary to resolve
contention for being SIN if there are multiple candidates close to the desired middle point). After
this conﬁrmation from the source, the SIN records
the control points for the next cubic Bezier curve
in the trajectory. This process will continue until
all pieces of the trajectory is captured by a SIN
which keeps the control points of the next cubic
Bezier curve.
In this manner, there will be n  1 SINs, n cubic
Bezier curves for a trajectory with 2n control
points. After such a signaling protocol as described above, the source will no longer have to encode the 2n control points into data packets.
Rather, it will just need to put two control points

3

For a Bezier curve Q(t) with n control points, these pieces
are portions of the whole curve in between points Q(t/k) where
k = 0, . . ., n.

for the next cubic Bezier curve on the trajectory,
since the next SIN will be putting the control
points necessary for the following piece of the trajectory.
When the nodes are mobile, SINs can move
from their original locations and may no longer
be close to the trajectory. One quick solution is
to send probe packets frequently throughout the
data transmission. This way, SINs will be reassigned if the previous ones got away from the
trajectory.

4. Greedy forwarding algorithms for TBR
Given a neighborhood and a trajectory to follow for the packet, a node may follow diﬀerent forwarding strategies depending on application and
user criteria. One can deﬁne various objectives
for forwarding in TBR:
 Obey the trajectory: There might be cases where
obeying the trajectory is critical. For example, if
the trajectory is passing through just near enemy area in a battleﬁeld, then making sure that
packets are obeying the trajectory and are not
getting to the enemy area is important. This becomes particularly important when packets include secure information that must not reach
to enemyÕs wireless agents.
 Reach the destination node: As another criteria,
if application generating the packets is sensitive
to loss of packets, then one might ﬁnd it more
convenient to forward the packet to the destination node if it is in the neighborhood of the forwarding node although it might be disobeying
the trajectory signiﬁcantly.
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Fig. 5. Big pictures of various TBR concepts. (a) Big picture of TBR forwarding, (b) failure of CTC and MAC forwarding, (c) failure
of LAC forwarding and (d) big picture of LDC forwarding.

 Reach quickly: If the information being sent is
delay sensitive and the similarity of route to trajectory is not of much importance, then it becomes more convenient to forward the packets
such that they reach to the destination as quick
as possible.
For usefulness of the forwarding strategy, the
forwarding algorithm must make sure that the
packet advances along the trajectory curve. In
other words, a node should not forward a packet
backwards along the trajectory curve. For example, in Fig. 5a, consider node N0 with residual t0.
Although there are other nodes within the transmission range of N0, the forwarding algorithm
must forward packets to one of the gray nodes

whose residuals are larger than t0. We will call
the set of nodes that have residuals larger than t0
as neighborhood 4 of N0. Within the neighborhood,
selection of which node to forward packets next
depends on various user and application objectives, some of which were itemized above.
As another important issue, the simplicity of the
forwarding algorithm is crucial for implementation purposes. Since agents are generally low-powered in wireless networks (particularly in sensor
networks), computational simplicity is an important factor in terms of deployment.

4
Note that our deﬁnition of neighborhood is diﬀerent from
Niculescu and NathÕs deﬁnition in [8].
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In the following sub-sections, we develop algorithms for selection of next node within the neighborhood according to the above-mentioned
various forwarding criteria. Note that all the following forwarding algorithms assume that the set
of nodes that are composing the neighborhood is
calculated. This only requires residuals to be calculated for every single node within the transmission
range. Given residuals of nodes in the transmission
range, one can easily construct the neighborhood
of the current node (the node where the packet is
currently residing) by simply comparing residuals
to the residual of the current node.
4.1. Random
A simple algorithm is to select the next node
randomly from the neighborhood. This algorithm
is beneﬁcial when computation power is of critical importance. Also, if transmission power of
nodes in the network is relatively small, then
this algorithm will perform ﬁne since nodes will
not have very large neighborhoods that may
cause packets to be forwarded far away from
the trajectory. So, the Random algorithm may
be useful for wireless networks with nodes
having low computational and transmission
power.
4.2. Closest to curve (CTC)
Another computationally simple algorithm is to
select the node which is closest to the curve among
the nodes in neighborhood. This algorithm is pretty straightforward to implement. Simply, calculate
residual distances of each node in the neighborhood and select the one resulting in the smallest
residual distance.
If obeying to the trajectory is important, then
CTC is more useful. This algorithm is again useful
for the cases where computational power is of
critical importance. However, it may result in signiﬁcant errors in forwarding such as shown in
Fig. 5b. Since residual distance d5 of node N5 is
smaller than residual distances all the other nodes
in the neighborhood, N0 forwards packet to N5
which causes a signiﬁcant violation of the trajectory.
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4.3. Least advancement on curve (LAC)
One might need to traverse all the nodes that
are along the trajectory curve. For example, if an
information needs to be ﬂooded in the network,
application may want its packets to traverse as
much nodes as possible. A simple algorithm is to
forward to the node whose residual lies right next
to the residual of the current node. Note that this
algorithm is also useful for low computation powered networks.
This means all the nodes that are within the
transmission range will be traversed one after another according to the order of their residuals.
However, again, this might result in signiﬁcant errors in forwarding such as in Fig. 5c. Although N1
is the farthest node from the trajectory curve, N0
forwards packets to N1 because t1 is less than residuals of all the other nodes in the neighborhood
of N0.
4.4. Hybrid of CTC and LAC (CTC–LAC)
Another possibility is to combine CTC and
LAC when one want traverse as many nodes as
possible while trying to obey the trajectory curve.
Combining CTC and LAC can be done in various
ways depending on importance of obeying the trajectory relative to importance of traversing as
many nodes as possible. We assume that obeying
to the trajectory is of more importance.
A computationally simple algorithm is as follows: First, deﬁne a tolerable residual distance D.
Then, go through the neighborhood and try to ﬁnd
a neighbor node Ni having residual distance di < D.
If there are multiple nodes satisfying the condition
di < D, then select the one with smallest residual ti.
If there is no nodes satisfying the condition, then
increment D with a step value DD and try again
until a node is selected as the next node.
4.5. Most advancement on curve (MAC)
If delay is of more importance, one might want
to forward the packets to the farthest node along
the curve. This is again a simple algorithm to
implement since just calculation of residuals will
be enough in order to ﬁnd out the farthest node
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to the current node. However, MAC forwarding
may cause signiﬁcant violations of trajectory as
shown in Fig. 5b.
Similar to CTC–LAC, it is also possible to combine CTC with MAC. However, we skip developing a hybrid algorithm between CTC and MAC,
since it is pretty similar to CTC–LAC.
4.6. Lowest deviation from curve (LDC)
When obeying the trajectory is very crucial, it is
possible to select the next node such that the taken
route deviates from the trajectory as less as possible. However, this requires extra computations.
We now describe how to implement such an algorithm.
In order to obey the trajectory at most level, at
a current node N0, the best next node Ni should be
selected such that the line between N0 and Ni must
have the smallest deviation from the trajectory
compared to the other lines between N0 and any
other node in N0Õs neighborhood. Let Ai be the
area between the line N0–Ni and the curve, i.e.
the total deviation of the forwarding from the trajectory. In order to minimize the average deviation
from the trajectory, the next node selection must
minimize ratio of Ai by the change in residuals
ti  t0, i.e. the deviation from trajectory per unit
length of the curve. So for node N0, we can write
the ratio to minimize as
Ri ¼

Ai
AreaðN 0 ; N i ; Qðt0 Þ; Qðti ÞÞ
¼
ti  t0
ti  t0

for all Ni in neighborhood of N0. Fig. 5d shows big
picture of the necessary area calculations for LDC
forwarding at node N0. To illustrate an example,
N0 needs to calculate A1 = a1 + a2 + a3, A2 = a1 + a4,
and A3 = a1 + a2 + a5.
The problem is that, however, calculation of Ai
requires extra computations and is not trivial.
Closed-form analytical expressions for Ai are very
hard to obtain. Fortunately, we can approximate
Ai by numerical techniques similar to the method
of Riemann sums [19] in numerical integration.
Starting from the residual t0, we move along the
curve with a ﬁxed increase dt in the curve parameter t. At the beginning we know the points:
(x0, y0), Q(t0). We ﬁrst calculate Q(t0 + dt) and
draw the line Q(t0)–Q(t0 + dt). Then, we draw a line
from Q(t0 + dt) toward the forwarding line (x0, y0)–
(xi, yi) parallel to the line Q(t0)–(x0, y0). Let (x1, y1)
be the point where our new line intersects the forwarding line (x0, y0)–(xi, yi). By using the slopes of
lines (x0, y0)–(xi, yi) and Q(t0)–(x0, y0), we calculate the point (x1, y1). Now, we have a trapezoid
drawn by points: Q(t0), (x0, y0), Q(t0 + dt), and
(x1, y1). Since we know coordinates of all the four
points we can calculate the area of the trapezoid.
As shown in Fig. 6a and b, we, then, iterate the
procedure by incrementing the residual to t0 + 2dt
and generate a new trapezoid. This iteration continues until either the residual on the curve passes
ti or the intersection point on the forwarding line
passes (xi, yi). In other words, we make n iterations
if one of the two conditions is met:

Fig. 6. Calculation of area between the Bezier trajectory and the forwarding line. (a) Case I: (xn, yn) < (xi, yi) < (xn + 1, yn + 1) and
(b) Case II: ti < t0 + (n + 1) dt.
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 Condition 1: ti < t0 + (n + 1)dt.
 Condition 2: (xn,yn) < (xi,yi) < (xn + 1,yn + 1).
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5. Simulations
Our purpose of ns-2 simulations is two fold:

Depending on which condition is satisﬁed ﬁrst,
we calculate the rest of the area Ai accordingly.
Fig. 6b shows an example of the case when the
second condition is satisﬁed ﬁrst. We simply draw
a quadrilateral between the four points: (xn, yn),
Q(t0 + n dt), Q(ti), and (xi, yi). We can easily calculate area of this quadrilateral since coordinate of
all the four points are available.
Fig. 6a shows an example of the case when the
ﬁrst condition is satisﬁed ﬁrst. We ﬁrst calculate
the triangular area between the points: (xn, yn),
Q(t0 + n dt), and (xi, yi). Then, we keep incrementing the residual until the second condition is satisﬁed. At each iteration we calculate the triangular
area generated by drawing a line between (xi, yi)
and the new point on the curve. In other words,
at iteration n + m, we calculate the area of the triangle between points: (xi, yi), Q(t0 + (n + m1) dt),
and Q(t0 + (n + m) dt). Finally, when the second
condition is met we simply calculate the triangular
area between the points (xi, yi), Q(ti), and the last
point on the curve (i.e. Q(t0 + (n + k) dt) if the condition was met at iteration n + k + 1).
The approximation to Ai is simply accumulation of the areas of the small pieces that were generated during the procedure above. Of course,
approximation will perform better when the residual increment dt is smaller.
LDC is expected to perform optimally if
obeying the trajectory is the only and the most
important objective in TBR. Given the local information only, it provides the best way of selecting
the next node whom packets to be forwarded.
In order to optimize the overall route taken by
packets of a trajectory, better techniques can be
developed when non-local information is available
to forwarding nodes. When computational
simplicity is important one might want to use
CTC instead of LDC with the trade-oﬀ that it
may cause signiﬁcant errors such as the one
shown in Fig. 5b. An interesting observation is
that CTC performance will be very close to LDC
performance in dense networks. So, in heavily
dense networks CTC may be a better choice than
LDC.

 Evaluate the forwarding algorithms developed for
TBR.
 Proof-of-concept for extension to longer and
more complex trajectories.
We particularly look at two metrics: average
deviation from trajectory and average path length.
For this paper, we do not include mobility in our
simulations.
5.1. Evaluation of the forwarding algorithms
We simulated the forwarding algorithms for
two diﬀerent trajectories: circular and zig-zag. Trajectories are shown in Fig. 7a over a scenario with
75 nodes. We varied number of nodes in the simulation from 20 to 300. Each node is a wireless node
with an omnidirectional antenna. Transmission
range of antennas is 5 m in radius and the antennas are placed 0.9 m higher than XY -plane. The
wireless nodes are exchanging beacons with an
interval of 10 s. Each node maintains a neighbor
table, each entity of which expires if no new beacon has been received within the last 110 s.
In our simulations, nodes are randomly distributed over a rectangular area 250 m · 500 m. We
picked a source-destination pair such that source
is close to the starting point of trajectory and the
destination node is close to the ending point of trajectory. The source generates CBR traﬃc with
average packet size of 0.5 KB. Total simulation
time is 1000 s.
Figs. 8a,b and 9a,b show average deviation of
packetsÕ routes from the ideal trajectory, for the
case of circular and zig-zag trajectories respectively. We observe that LDC is outperforming
the other forwarding algorithms in the case of circular trajectory. Sometimes, CTC outperforms
LDC which explains the fact that LDC is making
local optimization without considering next hopÕs
choice. This causes CTC to win sometimes. In
both trajectories, we see that LDC and CTC is
converging to each other as density of nodes
increases. However, we observe CTC failure (as
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Fig. 7. Experimental trajectories: (a) Zig-zag and circular single-piece trajectories on randomly located 75 nodes. (b) The multi-piece
trajectory with a single SIN and two cubic Bezier curves.

Fig. 8. Simulation results for the circular trajectory. (a–b) Average deviation from trajectory. (c–d) Path length normalized to
trajectory length.

explained in Fig. 5b) in some cases such as when
number of nodes is 250 in circular trajectory.

Also, LAC and MAC performs worse than the
others in general, which is caused by LACÕs and
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Fig. 9. Simulation results for the zig-zag trajectory. (a–b) Average deviation from trajectory. (c–d) Path length normalized to trajectory
length.

MACÕs ignorance on obeying to trajectory. As expected, CTC–LAC performs in between CTC and
LAC. Nicely, we observe that Random forwarding
performs average compared to other forwarding
algorithms.
Figs. 8c,d and 9c,d show average path length
traversed by packets normalized to the length of
the ideal trajectory, for the case of circular and
zig-zag trajectories respectively. We can observe
that, as expected, LAC performs worst in terms
of path length. MAC outperforms all the other
for the circular trajectory, however it is beaten
by CTC and CTC–LAC for the zig-zag trajectory.
That diﬀerence becomes more evident as density of
nodes increases.
For the circular trajectory, normalized path
length is approximately 1 for LDC, which also
shows that LDC is the one that obeys the trajectory most. However, for zig-zag trajectory, LDC
becomes larger than 1 as density of nodes increases. This means LDC is best for moderately

populated ad hoc networks. This discourages use
of LDC for very dense networks since its computational overhead is more for denser networks (as
number of neighbors will increase too).
Also, Random again performs average compared to the others in terms of path length. So,
an interesting ﬁnding is that Random forwarding
is good in order to achieve an average performance
while avoiding a lot of computational overhead of
more complex forwarding mechanisms. For Random forwarding, probability of reaching destination was more than 80%. For all the others, it
was more than 95%.
5.2. More complex trajectories
Simulation settings are the same as the one in
the previous section. We simulate CTC–LAC forwarding on a zig-zag trajectory which is being
deﬁned by two cubic Bezier curves as shown in
Fig. 7b. The data packets include only two control
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Fig. 10. Performance results for CTC–LAC forwarding on the multi-piece trajectory. (a) Deviation from trajectory and (b) normalized
average path length.

points. There is one SIN, which splits the trajectory into two pieces.
Fig. 10a and b shows average deviation from
trajectory and average path length on the zig-zag
trajectory deﬁned by two cubic Bezier pieces. We
observe that average path length normalized to
the ideal trajectory length is approximately 1.
Also, deviation from trajectory reduces as the
number of nodes increases. So, the results illustrates that packets get forwarded properly even
though they include only a fraction of the control
points of the complete trajectory.

6. Summary
In this paper, we studied various implementation issues of trajectory-based routing (TBR) for
stateless routing in ad hoc networks. We proposed
to use Bezier curves for deﬁning trajectories in
TBR. Various shapes for routes can be deﬁned
by using Bezier curves.
We particularly evaluated several forwarding
algorithms based on trajectories deﬁned by Bezier
curves. We proposed an optimal forwarding algorithm, lowest deviation from curve (LDC), that
obeys to trajectories the most. We ran extensive simulations in order to evaluate the forwarding
algorithms. We found that LDC is good for moderately populated ad hoc networks. Interestingly,
we also found that Random forwarding performs
average while avoiding signiﬁcant computational
overhead.

By introducing signaling phase to the protocol,
we also proposed a methodology for extending
TBR with Bezier curves to longer and more complex trajectories which can be encoded by larger
information. Our proposed method enables routing of data packets through complex trajectories,
while keeping the packet header size constant.
Future work will include evaluation and improvement of this method with a particular consideration given to signaling overhead.
Several issues remain to be investigated such as
eﬀect of mobility patterns, traﬃc patterns. Also,
future work includes studying methods for increasing resilience (i.e. probability of reaching to destination) for diﬀerent forwarding algorithms.
Finally, answering the question of how to route
the packets when the destination and the source
are mobile, is an open issue.
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