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Details on Packet Level Design for Two Delay-Tolerant 
Routing Protocols 

1 Introduction 
The purpose of this report is to provide the implementation details for work that has been 
published in a scholarly article [6] and in which space limitation have not allowed the 
detailed descriptions. In this paper we describe, in detail, the implementation of Location 
Aware Routing for Opportunistic Delay-tolerant Networks (LAROD)[6] and Spray and 
Wait [8][9] as implemented in the ns-2 simulator. Spray and Wait was originally 
evaluated using a custom simulator where the MAC protocol provided services that were 
not modeled by packet exchanges. For evaluations and comparisons of the two protocols 
please see [6]. The ns-2 code for both routing protocols is freely available for scholarly 
research [5]. 

2 Location Aware Routing for Delay-tolerant Networks 
(LAROD) 

LAROD is a geographical routing protocol for DTNs that combines geographical beacon-
less routing such as BLR [4] and CBF [3] with the store-carry-forward principle [2]. In its 
essence LAROD uses greedy packet forwarding when possible. When greedy forwarding 
is not possible the node holding the packet (the custodian) waits until node mobility 
makes it possible to resume greedy forwarding. To obtain the location of the destination 
LAROD inquires a location service. 

In order to forward a message towards the destination a custodian simply broadcasts the 
message. All nodes within a predefined forwarding area (see Figure 1 for examples) are 
eligible to forward the packet and are called tentative custodians. All tentative custodians 
set a delay timer (td) specific for each node, and the node whose delay timer expires first 
is the selected new custodian. Upon becoming a custodian the node forwards the message 
in the same manner as the previous custodian. The old custodian that sent the message 
and most other tentative custodians will overhear this transmission and conclude that a 
new node has taken over custody of the packet. If no such transmission is heard the 
current custodian regularly broadcasts (tr) the message until a new custodian becomes 
available due to node mobility. It is possible that not all nodes in the forwarding area will 
overhear the broadcast made by the new custodian thereby producing packet duplicates. 
This will increase the load in the system but also enable exploration of multiple paths to 
the destination. When the paths of two copies cross only one copy will continue to be 
forwarded. To prevent a packet from indefinitely trying to find a path to its destination all 
packets have a time to live (tTTL) expressed as a duration. When the TTL expires a packet 
is deleted by its custodian. 

The forwarding area can have many shapes, but it should be designed in such a way that 
progress towards the destination is guaranteed. All of the space covered by the 
forwarding area must also provide a positive solution to the selected delay timer function. 
An attractive property is the potential for all nodes within the forwarding area to hear 
each other’s transmissions. This will reduce the risk of tentative custodians failing to 
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receive the packet transmitted by the new custodian. Examples of shapes that meet this 
criteria are a 60° circle sector, a Reuleaux triangle or a circle (see Figure 1a-c). The 
longest distance between two points within these shapes must be the assumed radio range. 
If overhearing is not a critical property and we want to maximize the probability of 
finding a new custodian then the forwarding area should include all nodes that guarantee 
progress towards the destination (see Figure 1d). To avoid too small hops and to cater for 
inaccuracies in the positioning service a minimum forward distance may be prudent (the 
small gap between the custodian and the forwarding area in Figure 1d). All the illustrated 
forwarding areas can be used in LAROD as a parameterized input and they are 
compatible with the delay time functions proposed below. 
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Figure 1. Forwarding area examples 

While the forwarding are determines the nodes that can become a new custodian the 
function that selects the node to be the next custodian is the delay timer function. All 
nodes within a custodians forwarding area are tentative custodians and set a delay timer 
(td) when they receive a packet from that custodian. The tentative custodians whose timer 
expires first is the selected new custodian. The delay timer (td) for each node can be set 
based on many principles where two natural ones are to favor short hops or long hops 
towards the destination. Short hops are advantageous if much data is to be exchanged 
between the nodes since the transfer probability is higher with a shorter distance. The 
downside is that more hops create higher overhead. Long hops will reduce the number of 
hops, but the downside is that the transfer reliability between distant nodes is lower. As a 
middle ground one can consider a delay timer that prioritizes nodes at some set distance 
from the custodian. Implementations of these thee principles are provided in equations (1) 
– short hops, (2) – long hops and (3) – medium hops. Graphical illustrations of these 
delay functions are provided in Figure 2 (r is the nominal radio range). The gray area for 
the long hops indicates that the delay is randomized for these distances. For a definition 
of the terms and default values in the equations see Table 1 and Figure 3. The default 
values are set to match the scenario parameters in [6] where the nominal radio range is 
250 meters and the nodes move at 1.4 m/s. In LAROD any delay timer function that 
produce positive delays within the forwarding area can be used as it is a configuration 
parameter. 
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Figure 2. Delay curve examples 

The equations are quite straight forward but the long hops (2) warrant some additional 
comments. It is generally undesirable that several nodes have the exact same delay time. 
The reason for this is that, depending on MAC protocol, it increases the risk for garbled 
transmissions due to nodes transmitting simultaneously. This is normally not a problem 
since the probability that two tentative custodians are at a similar distance from the 
custodian is low. For the long hops this becomes a problem if a linear function is used 
since this means that all nodes beyond a certain point would get a delay time of 0. This is 
a problem in a real setting since the actual maximum transmission distance varies. To 
cope with this we have used a linear delay until an end point (l). Tentative custodians 
beyond the linear end point randomize their delay in such a way that it is guaranteed to be 
smaller than the linear delay. For these tentative custodians no priority is given based on 
distance to destination. The linear end point (l) should be set close to the nominal or 
expected radio range. When a tentative custodian is close to the destination the normal 
delay function will give unsuitable delays. For this reason a tentative custodian within l of 
the destination uses the actual distance to the destination to compute the td. The three 
parts of equation (2) are then as follows. 

1. The tentative custodian is within range of the destination. Use a linear delay based 
on distance to the destination. 

2. The tentative custodian is beyond the linear end point. Use a random delay. 

3. The tentative custodian is within the linear end point. Use a linear delay based on 
distance along the line between the custodian and the destination. 

Table 1. LAROD parameters 

Parameter Description Default value 

L Linear end point 240 meters 

P Minimum progress 10 meters 

R Nominal radio range 250 meters 

tl Maximum linear delay 0.8 seconds 

tm Maximum delay within nominal radio range 1.0 second 

tn Maximum random delay 0.2 seconds 

z Zero delay distance for medium hops 125 meters 

X Uniform random variable in range [0,1] - 
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Figure 3. Delay time parameters illustration. 

( ) rtfdt md ⋅−=
rr

 (1) 

( )
( )















+⋅
−−

≥−⋅Χ

≤⋅

=

otherwisenl

n

l

d

tt
l

fdl

lfdt

ldt
l

f

t
rr

rr

r
r

 (2) 

( ) ( )
( ) ( )







>−
−
⋅

−
−

⋅−

≤−+
−

⋅−
=

zfd
zr

zt

zr

t
fd

zfdt
z

t
fd

t
mm

m
m

d rrrr

rrrr

 (3) 

While feasible, the proposed delay timer functions do not take node movement direction 
into account. The main reason is that even if the next custodian might move in the wrong 
direction the hope is that it can forward the packet to a node closer to the destination. 
Another reason is that node directions are not stable and a node might turn and move 
towards the destination. For these reasons a packet is always forwarded towards the 
destination even if it in some cases might be returned to the old custodian due to node 
movement. 

If a custodian could not find a new custodian closer to the destination it will make a new 
attempt after some time. This time, the LAROD rebroadcast time (tr), can be set in many 
ways but the following two guidelines should be used. The time should be short enough 
so that forwarding opportunities are not missed, but it should also be as long as possible 
to limit bandwidth usage. Currently there is one rebroadcast time function implemented 
for LAROD and that is a random selection between two configurable times. The reason to 
use a random selection is that it prevents repeated interference between nodes that are 
custodians for different packets. For the evaluation of LAROD tr is selected between the 
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valued 8 and 12 seconds, which corresponds to a node moving between 4.5% to 6.7% of 
the nominal radio range and this selection meets the two guidelines. If LAROD is used in 
an inhomogeneous system than a more dynamic setting of the LAROD rebroadcast time 
can be considered. Factors that could influence tr are node speed, number of neighbors 
and amount of traffic. 

To stop further transmission of a packet by custodians and tentative custodians when it 
has been delivered to the destination an acknowledgement packet is sent by the 
destination at reception. All nodes hearing an acknowledgement packet will store the 
acknowledgement information until the packet times out. If a node receives a packet for 
which it previously has received an acknowledgement then it broadcasts an 
acknowledgement to stop the transmission of the packet. Acknowledgements are not 
intended to reach the source, only to prevent further forwarding attempts by nodes 
holding the acknowledged packet. 

To manage the positional inaccuracies inherent in an IC-MANET location service, 
LAROD inquires the location service at each packet hop, and if more accurate position 
data is available then the routed packet is updated. This way the quality of the location 
data is incrementally improved as the packet approaches the destination. To further 
improve the quality of the location data in the location service LAROD provides it with 
the location data available in received packets. For a full description of the routing 
protocol see Figure 4. 

Source node at data packet generation 
 Get destination location from location service 
 Broadcast data packet 
 Set up timer for rebroadcasting packet to trebroadcast 
 
Destination node at data packet reception 
 If the packet is received for the first time 
  Deliver data packet to application 
 Broadcast ack packet //Inform of delivery to destination 
 
All intermediate (non-destination) nodes at data packet reception 
 Update location service with data packet location information 
 If an ack has been received for the packet 
  Broadcast ack packet //Inform of delivery to destination 
 Else if the node is in the forwarding area //Is potential custodian 
  If the node does not have an active copy of the packet 
   Set up timer for rebroadcast to tdelay 
 //If the custodian is ahead of the node 
 Else if custodian is in node forwarding area 
  Remove packet if it has one 
 
At ack packet reception 
 Update location service with ack packet location information 
 If the node has an active copy of the packet 
  Remove active copy 
 
When a data packet rebroadcasting timer expires 
 If the packet’s TTL has expired (tTTL) 
  Remove packet 
 Else 
  Update location information in packet with location server data 
  Broadcast data packet 
  Set up timer for rebroadcasting the packet to trebroadcast 
 

Figure 4. LAROD pseudo code. 
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3 Implementing Spray and Wait in ns-2 
We have used Spray and Wait [8][9] as a comparative baseline when evaluating LAROD 
and since LAROD is implemented and evaluated in ns-2 we needed a Spray and Wait 
implementation in ns-2. Spray and Wait was originally evaluated using a custom event-
driven simulator with a slotted MAC protocol. An existing implementation of Spray and 
Wait for ns-2 by Abdulla and Simon [1] was consulted and found to have some 
deficiencies (reliable transfers are assumed, a node only uses local knowledge in the 
sending node to determine if a packet shall be sprayed at an encounter, when receiving a 
sprayed packet for a second time a node silently drops it and the total number of sprayed 
copies is reduced). We therefore proceeded to implement a move faithful implementation 
of the algorithm. To clarify some implementation details we have been in contact with the 
first author of Spray and Wait and we received the following clarifications. 
• In the simulations it was assumed that the MAC layer performed beaconing to 

advertise a node’s presence. 
• At each encounter the nodes exchange information on held messages in order to know 

which packets they should exchange when they encounter each other. 

When implementing Spray and Wait in ns-2 with IEEE 802.11 as MAC layer a number 
of implementation choices had to be made for issues that were abstracted away in the 
original implementation. We have generally preferred a simpler solution over a complex 
one when possible without sacrificing the protocol’s performance. This has led us to keep 
as little state in the nodes as possible and let events initiate actions. An example is the 
decision not to maintain a neighborhood list. The main design choices and their rationale 
are presented in Table 2. 

Table 2. Spray and Wait implementation choices and rationale. 

Choice Motivation 

Each node regularly sends a beacon. Needed to determine when a node is in the 
neighborhood. 

Message transfers are initiated when a node 
hears a beacon. 

Simplifies protocol design, and improves 
the probability that the node will still be in 
the neighborhood when a message is 
transmitted. 

After receiving a beacon there is a reserved 
time (the Query phase) for exchanging 
information on data messages to transfer. 

Needed to increase the probability that the 
queries and responses are not delayed due 
to congestion. 

Messages are only transferred to the node 
sending the beacon. 

Simplifies protocol design. 
A node receiving the beacon will soon emit 
its own beacon and then messages will be 
transmitted to it.  

Each node maintains information regarding 
the nodes that it knows currently hold 
copies of messages that it holds. 

Needed to reduce the amount of data 
exchanged in the Query phase. 
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Figure 5. Packet exchange. 

The overall scheme for the implementation of Spray and Wait in ns-2 is illustrated in 
Figure 5, which describes the packet and message exchange sequence. A node receiving a 
beacon packet responds with a query packet if it has some data messages the beaconing 
node might be interested in. A query can contain up to 100 message ids. As a response to 
a query packet the beaconing node replies with a query response packet detailing the data 
messages it is interested in. For the other data messages the beaconing node details why it 
did not request it. The reply can either be that it already has the message or that the 
message has been received by the destination. 

To limit contention that might delay the transfer of a query packet and its response packet 
no data messages may be sent to the beaconing node for some set time after a beacon was 
received (in our simulations we have used 0.15 seconds). Additionally the query is 
randomly delayed for some time after the beacon is received (we have used up to 0.10 
seconds). Except for this, the MAC layer is responsible for handling contention and the 
routing agent sends messages to the MAC layer whenever it has something to send. 

After the query phase the nodes having data messages to send to the beaconing node start 
to transmit these. When the beaconing node has received a message it responds with an 
acknowledgement to tell the querying node that the message was received. 

On a wireless medium transmissions can fail due to interference or other factors and even 
with relatively reliable MAC layers such as IEEE 802.11 packets might be lost. The 
impact of lost messages for our implementation of Spray and Wait is detailed in Table 3. 
The only loss whose impact is worse than a delay in the spreading of messages is the loss 
of an ack packet. When an ack packet is lost then more copies of a packet will be 
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distributed in the network than what was intended which results in higher (and 
unnecessary) resource utilization. 

Table 3. Impact of lost packets on Spray and Wait. 

Packet type Impact 

Beacon, Query or 
Response packet 

No messages can be exchanged. New message exchange possible 
when next beacon is transmitted. 

Message packet The message was not exchanged. New message exchange possible 
when next beacon is transmitted. 

Ack packet The querying node does not know that the message was received by 
the beaconing node and it will keep the copies that are now taken by 
the beaconing node. This means that extra copies of messages are 
injected into the network unnecessarily. 

We believe that the proposed implementation of Spray and Wait is a fair realization of the 
original design to include the required beaconing and handshaking required for a full 
packet level implementation. We have put considerable effort into making the design as 
efficient as reasonably possible to keep the previously presented attractive properties of 
Spray and Wait.  

3.1 Spray and Wait Parameters 
For an implementation of Spray and Wait the two parameters L (number of spray copies) 
and beacon interval have to be determined. Intuitively the higher L is set the better the 
delivery ratio should become, but at a higher overhead. A shorter beacon interval will 
definitely increase the overhead and a too long beacon interval will probably reduce the 
delivery ratio due to missed communication opportunities. But there will probably be 
some beacon rate where the delivery ratio will no longer go up due to increased beacon 
rate. 

The optimal Spray and Wait parameters depend on the network properties. For the 
determination of the parameters in this section we have used the evaluation scenario in 
[6]. The main parameters are summarized in Table 4. 

Table 4. Scenario parameters 

Parameter 

Scenario name 

Reconnaissance Slow Rwp Fast Rwp 

Mobility model Pheromone 
reconnaissance 

Random waypoint Random waypoint 

Simulation area 2000x2000 meters 2000x2000 meters 2000x2000 meters 

Number of nodes 80 80 80 

Radio range 250 meters 250 meters 250 meters 

Node speed 1.4 m/s 1.4 m/s 1.0-10.0 m/s 

Node pause time - 0.0 seconds 0.0 seconds 
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Establishing the best number of spray copies (L) has not been trivial. For the slow 
random waypoint and the reconnaissance scenario the packet delivery ratio clearly 
increases with an increased L. The cost of increasing L for the overhead is also noticeable. 
When different values of L were examined with the fast random waypoint scenario then 
the overhead was substantially higher compared to the slow random waypoint scenario. 
The reason that we get an increase in effort for higher speeds is that during a transfer of a 
set of data messages the nodes move out of each other’s transmission range and the 
sending node tries to transfer messages to a node that cannot receive them. Avoiding such 
partial transmissions needs a specific mechanism to take account of the contact window 
which is not available in Spray and Wait [7]. The studies we made clearly indicate that L 
is a scenario dependant parameter. We have chosen to use L = 10 and 20 as described in 
Table 5. These choices are not far from the choice of L (10 and 16) in the original 
evaluation of Spray and Wait. 

The delivery ratio does go down with increased beacon interval, but the relationship is 
not that strong. The relationship is somewhat stronger for the fast random waypoint 
scenario. The overhead is definitely impacted by the beacon interval and an interval 
shorter than 20 seconds is not recommended. To improve comparability with LAROD-
LoDiS [6] we have chosen the LoDiS broadcast interval of 40 seconds for the Spray and 
Wait beacon interval, see Table 5. 

Table 5. Spray and Wait parameters. 

 Reconnaissance Slow Rwp Fast Rwp 

L 10, 20 20 10 

Beacon interval 40 seconds 40 seconds 40 seconds 
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