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Delay Tolerant NetworksDelay Tolerant Networks

Connectivity established through (low frequency)  
node encounters 

DTN message transport
• Mobility-assisted 
• typically, multiple message spreading is needed
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Some DTN message transport /routing Some DTN message transport /routing 
schemesschemes

Epidemic routing: (unlimited copies)
• At each node encounter, all copies are exchanged
• Minimum message delivery delay but high buffer occupancy and bandwidth 

utilization

Binary spray-and-wait routing (BSW): (limited copies)
• Every one gives half its copies to a node (with no copy) it encounters
• Faster than other limited copies schemes

2-hop routing: (limited copies)
• The source forwards one of its copies to a node (with no copy) it encounters
• Only the source forwards copies to others than the destination

( source controls the message spreading process)
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FocusFocus

Consider a DTN environment where the source is in Consider a DTN environment where the source is in full full 
control of message spreading: 2control of message spreading: 2--hop relayhop relay

–– Determines who to pass a copy to. Intermediate nodes are not Determines who to pass a copy to. Intermediate nodes are not 
allowed to spread a message copy they may have to any node allowed to spread a message copy they may have to any node 
other than the destination. Robustness against intermediate nodeother than the destination. Robustness against intermediate node
misbehavior or limitations. misbehavior or limitations. 

–– Limits the max number of copies in the network (overhead Limits the max number of copies in the network (overhead 
concern)concern)

–– Limits the lifetime of copies (overhead or Limits the lifetime of copies (overhead or QoSQoS concern) concern) 
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Model descriptionModel description

N+1 N+1 nodes moving within a square size of nodes moving within a square size of LL22
. . 

Exponential node interExponential node inter--meeting times (i.e. the time elapsed meeting times (i.e. the time elapsed 
between two consecutive encounters for a given pair of nodes between two consecutive encounters for a given pair of nodes --
fairly accurate in case of fairly accurate in case of R << L, R << L, and random waypoint model)and random waypoint model)

Mean rate of encounters Mean rate of encounters λλ for a given node (exp parameter):for a given node (exp parameter):
λλ=cvR/L=cvR/L22,,

c: constant depending on the mobility model usedc: constant depending on the mobility model used
v: relative speed v: relative speed 
R: communication rangeR: communication range
L: size of the network areaL: size of the network area
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Source Source –– intermediate node differentiationintermediate node differentiation

Diverse interDiverse inter--meeting times for the source (meeting times for the source (λλ) ) and the other nodes (and the other nodes (λλoo))
–– May capture diverse transmission range (power) or/and speed or May capture diverse transmission range (power) or/and speed or 

even, indirectly, the cooperation degreeeven, indirectly, the cooperation degree

The parameters capturing differentiation could be considered as:The parameters capturing differentiation could be considered as:
–– NonNon--tunable (e.g., tunable (e.g., misbehaviourmisbehaviour))
–– Tunable (e.g., adjustment of transmission range)Tunable (e.g., adjustment of transmission range)
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Theory and simulationsTheory and simulations

Results are shown for: N=100, K=4, 8, 100, λ=0.08 and λo=0.04

Exact analytical expressions 
for the delivery delay cdf

Closeness of simulation with  
analytical results indicates the 
validity of the exponential 
encounter times for nodes 
moving under the random 
Waypoint model
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Closed form approximation for delay Closed form approximation for delay cdfcdf

A much simpler expression that approximates fairly accurately thA much simpler expression that approximates fairly accurately the e 
exact one is derived by bounding the exact one is derived by bounding the accurate accurate cdfcdf (for a specific (for a specific 
number of copies K number of copies K ≤≤ N) by two N) by two cdfscdfs::

–– the the maximummaximum--copy copy cdfcdf
–– thethe zerozero--spreadtimespreadtime cdfcdf
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The maximumThe maximum--copy copy cdfcdf

It refers to a modified algorithm where the number of copies It refers to a modified algorithm where the number of copies 
employed in the network equals the number of nodes (K=N):employed in the network equals the number of nodes (K=N):

The modified algorithm has exactly the same The modified algorithm has exactly the same behaviourbehaviour
until the first K copies are spread in the networkuntil the first K copies are spread in the network
afterwards, the performance is enhanced due to the afterwards, the performance is enhanced due to the 
advantage of the surplus copies (Nadvantage of the surplus copies (N--K)K)
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maximum-copy cdf accurate cdf
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The maximumThe maximum--copy copy cdfcdf
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The zeroThe zero--spreadtimespreadtime cdfcdf

It refers to a modified algorithm where all K copies are instantIt refers to a modified algorithm where all K copies are instantly ly 
spread in the networkspread in the network

The modified algorithm has identical behavior with the original The modified algorithm has identical behavior with the original after the after the 
original has spread all K copies. Better performance for small toriginal has spread all K copies. Better performance for small t, converging , converging 
to the original one for large t.to the original one for large t.

It is expected and indeed observed that when this It is expected and indeed observed that when this cdfcdf is shifted by is shifted by to toto
be tangent at some time be tangent at some time tcr to the maximumto the maximum--copy one, the part of the copy one, the part of the cdfcdf
from from tcr and afterwards approximates accurately the original and afterwards approximates accurately the original cdfcdf
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maximum-copy cdf accurate cdf
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Constructing the approximate Constructing the approximate cdfcdf
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zero-spreadtime cdf

accurate cdf

shifted zero-spreadtime cdf
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Constructing the approximate Constructing the approximate cdfcdf
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maximum-copy cdf

zero-spreadtime cdf

accurate cdf

shifted zero-spreadtime cdf

tcrt0

P
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t

maximum-copy cdf, t ≤ tcr

shifted zero-spreadtime cdf, t ≥ tcr
approximate cdf =

Constructing the approximate Constructing the approximate cdfcdf



WiOpt 2007, April 16-20, 2007, Limassol, Cyprus DEPT. OF INFORMATICS 
& TELECOMMUNICATIONS

The approximate The approximate cdfcdf

Thus, the approximate expression may be defined as a twoThus, the approximate expression may be defined as a two--part part 
function:function:

the maximumthe maximum--copy copy cdfcdf until until tcr
the shifted zerothe shifted zero--spreadtimespreadtime one after one after tcr

where: where: λd=λ-λo,
to is the time shift of the zerois the time shift of the zero--spreadtimespreadtime cdfcdf needed to be tangent needed to be tangent 

to the maximumto the maximum--copy onecopy one
tcr is the contact point of the above is the contact point of the above cdfscdfs
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Results for the approximate Results for the approximate cdfcdf

For the case of N=100, K=8, For the case of N=100, K=8, λ=0.08 and λo=0.04:
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Solving design problemsSolving design problems

The approximation may be used in order to obtain closed form solThe approximation may be used in order to obtain closed form solutions to utions to 
design problem where the exact analysis allows only for a numeridesign problem where the exact analysis allows only for a numerical solutioncal solution

For instance, For instance, the value of the value of KK to achieve a specific delivery ratio to achieve a specific delivery ratio QQd within within 
a specific delay bound a specific delay bound tt may be estimated:may be estimated:

where where C C is a function of the network parameters. The positive value thatis a function of the network parameters. The positive value that fulfills the fulfills the 
condition tcondition too≤≤ ttcrcr should be selected should be selected 
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Calculation of the overheadCalculation of the overhead
In In DTNsDTNs is typically measured in terms of the number of transmissions iis typically measured in terms of the number of transmissions induced nduced 
until the message deliveryuntil the message delivery to the destination (or dropped if time constrained)to the destination (or dropped if time constrained)

HereHere, we also measure the , we also measure the additional overheadadditional overhead induced until the spreading induced until the spreading 
process is actually terminated (the source node becomes aware ofprocess is actually terminated (the source node becomes aware of the message the message 
delivery through some notification mechanism)delivery through some notification mechanism)
Here, the additional overhead is calculated for two distinct casHere, the additional overhead is calculated for two distinct cases:es:
–– Until the source meets the destination (single notification)Until the source meets the destination (single notification)
–– Until it meets either the destination or the intermediate node tUntil it meets either the destination or the intermediate node that hat 

delivered the message to the destination (double notification)delivered the message to the destination (double notification)

Besides the number of transmissions, energy overhead consideratiBesides the number of transmissions, energy overhead considerations are ons are 
introduced for the case of a network of nodes that employ differintroduced for the case of a network of nodes that employ different ent 
transmission powers.transmission powers.
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ResultsResults
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the square of the square of λλ and equal to 1 for and equal to 1 for λλ=0.08=0.08
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2-hop relay outperforms BSW for low cooperation
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Focus and Contributions Focus and Contributions 
Study analytically the 2Study analytically the 2--hop relay algorithmhop relay algorithm (source(source--controlled spreading)controlled spreading)

cdfcdf of message delivery delay of message delivery delay –– delivery ratiodelivery ratio

Closed form approximate Closed form approximate cdfcdf for delay, allowing for setting design for delay, allowing for setting design 
parameters and shape the delivery ratio parameters and shape the delivery ratio –– overhead trade off.overhead trade off.

Consideration and calculation of the overhead not only until theConsideration and calculation of the overhead not only until the
message delivery but also until the message spreading is actuallmessage delivery but also until the message spreading is actually y 
terminated.terminated.

Differentiation between the source and intermediate nodes, captuDifferentiation between the source and intermediate nodes, capturing ring 
the effects of a more realistic, generally heterogeneous DTN the effects of a more realistic, generally heterogeneous DTN 
environment, in terms of: transmission power, speed, cooperationenvironment, in terms of: transmission power, speed, cooperation
degree, etc.degree, etc.

Energy Energy vsvs number of transmissions overhead considerations.number of transmissions overhead considerations.
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Derivation of the Derivation of the cdfcdf

The pdf of the unconditional total  delivery delay D may be expressed as: 

Probability that i copies have 
been spread when the destination 

gets the message

The pdf of the conditional 
delivery delay Di given that the 

destination gets the message after 
i copies have been spread 
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Derivation of the Derivation of the cdfcdf

Let Tj denote the sojourn time in state i. Then the pdf of the conditional 

total delivery delay ( ) may be expressed as: 

The Laplace transform of           may be expressed as: 

j
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Derivation of the Derivation of the cdfcdf

The Laplace transform of the pdf of D may be expressed as: 
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Derivation of the Derivation of the cdfcdf

Since the cdf Q(t) is obtained by integration of the cdf:

Finally it may be concluded that  
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Deriving tDeriving too

We solve the equationWe solve the equation

By setting  By setting  

We expand the above equation in a Taylor series keeping the We expand the above equation in a Taylor series keeping the 
terms up to second order terms up to second order 

In order for the polynomial to have a single root (so that the tIn order for the polynomial to have a single root (so that the two wo 
cdfscdfs are tangent to each other) it is required that its are tangent to each other) it is required that its discriminantdiscriminant be be 
zero or zero or leading to:leading to:
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Deriving Deriving ttcrcr

We solve the equationWe solve the equation

By setting  By setting  

We expand the above equation in a Taylor series keeping the We expand the above equation in a Taylor series keeping the 
terms up to second order terms up to second order 

In order for the polynomial to have a single root (so that the tIn order for the polynomial to have a single root (so that the two wo 
cdfscdfs are tangent to each other) it is required that its are tangent to each other) it is required that its discriminantdiscriminant be be 
zero or zero or leading to:leading to:

tcr
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Derivation of the Derivation of the cdfcdf

1 2 3 KK-1K-2
(N-1) λ (N-2) λ (N-3) λ (N-K+3) λ (N-K+2) λ (N-K+1) λ…

A

λ λ+ λo λ+ 2λo λ+ (K-3)λo λ+ (K-2)λo λ+ (K-1)λo

Based on the following Markov chain:

• K states capturing the number of copies spread in the network (K ≤ N)

• one absorbing state A visited when the message is delivered to the destination
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Overhead until delivery or drop (1)Overhead until delivery or drop (1)

The expected overhead induced until the delivery or drop:The expected overhead induced until the delivery or drop:

wherewhere denotes the expected overhead consumption denotes the expected overhead consumption 
provided that the message is delivered or dropped when in state provided that the message is delivered or dropped when in state 
i, i, andand denotes the probability that the system is in state denotes the probability that the system is in state ii, , 
when the destination is reached or the message is dropped  when the destination is reached or the message is dropped  
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Overhead until delivery or drop (2)Overhead until delivery or drop (2)

The expected overhead consumption provided that the message is dThe expected overhead consumption provided that the message is delivered or elivered or 
dropped when the system is in state dropped when the system is in state ii may be expressed asmay be expressed as

wherewhere (( ) denotes the probability that the ) denotes the probability that the 
source (some intermediate node) delivers the message to the source (some intermediate node) delivers the message to the 
destination provided that the message is delivered or dropped destination provided that the message is delivered or dropped 
when the system is in state when the system is in state ii

When different power levels for the source and the intermediate When different power levels for the source and the intermediate nodes are used, nodes are used, 
the parameters the parameters EEss and and EEoo are used respectively; they are equal to 1 when are used respectively; they are equal to 1 when 
calculation refers to transmissionscalculation refers to transmissions
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Additional overhead (2)Additional overhead (2)

i i+1 i+2 KK-1K-2…

Ai

ri ri(i+1, Ai) ri(K-2, Ai)ri(i+2, Ai) ri(K-1, Ai) ri(K, Ai)

ri(i, i+1) ri(i+1, i+2) ri(i+2, i+3) ri(K-3, K-2) ri(K-2, K-1) ri(K-1, K)

The calculation of the additional overhead is based on the folloThe calculation of the additional overhead is based on the following Markov wing Markov 
chain, starting from state chain, starting from state ii (for the copies present in the network) up to state (for the copies present in the network) up to state 
K K and having an absorbing state and having an absorbing state AAii that corresponds to the case that the source that corresponds to the case that the source 
node has been informed of the delivery successnode has been informed of the delivery success
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Additional overhead (3)Additional overhead (3)

The expected additional overhead may be expressed asThe expected additional overhead may be expressed as

wherewhere denotes the expected additional overhead provided that denotes the expected additional overhead provided that 
the message is delivered by some intermediate node when the systthe message is delivered by some intermediate node when the system em 
is in state is in state i i (( ) denotes the probability that the message ) denotes the probability that the message 
is delivered or dropped (delivered by an intermediate node) whenis delivered or dropped (delivered by an intermediate node) when in state in state ii
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Additional overhead (4)Additional overhead (4)

The expected additional overhead provided that the message is The expected additional overhead provided that the message is 
delivered by an intermediate node when the system is in state delivered by an intermediate node when the system is in state i i 
may be expressed asmay be expressed as

wherewhere denotes the expected overhead provided that the denotes the expected overhead provided that the 

source is notified or the message is dropped when the system is source is notified or the message is dropped when the system is in in 

state state jj, and  , and  denotes the probability that the system is in state denotes the probability that the system is in state j j 

when the source is notified or the message is droppedwhen the source is notified or the message is dropped
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Additional overhead (5)Additional overhead (5)

The term The term may be expressed asmay be expressed as

wherewhere denotes the probability that the source is notified denotes the probability that the source is notified 

by the destination (the intermediate node that delivered the mesby the destination (the intermediate node that delivered the message) sage) 

provided that the source is notified or the message is dropped wprovided that the source is notified or the message is dropped when hen 

being in state being in state jj

EEndnd and and EEnini denote the energy consumed for the transmission of the denote the energy consumed for the transmission of the 
notification message by the destination node and an intermediatenotification message by the destination node and an intermediate
node, respectivelynode, respectively
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ConclusionsConclusions

There is a significant difference between the number of There is a significant difference between the number of 
transmissions and the energy consumed in heterogeneous transmissions and the energy consumed in heterogeneous 
networks where different transmission powers among the networks where different transmission powers among the 
nodes may be employednodes may be employed
It may be concluded that the number of transmissions or It may be concluded that the number of transmissions or 
consumed energy until the message delivery time are just a consumed energy until the message delivery time are just a 
small portion of the corresponding totals and cannot be small portion of the corresponding totals and cannot be 
ignoredignored
The participation of the intermediate node in notifying the The participation of the intermediate node in notifying the 
source node of the message delivery (double notification) source node of the message delivery (double notification) 
limits noticeably the additional energy spentlimits noticeably the additional energy spent
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Summing upSumming up
This workThis work

Provided a more general and realistic setting for studying the Provided a more general and realistic setting for studying the 
twotwo--hop message spreading in heterogeneous hop message spreading in heterogeneous DTNsDTNs
Analytically derived the Analytically derived the cdfcdf and overhead of the algorithmand overhead of the algorithm
Provided a fairly accurate approximation for the Provided a fairly accurate approximation for the cdfcdf that may that may 
be used in design problemsbe used in design problems
Calculated the overhead under a more realistic framework (as Calculated the overhead under a more realistic framework (as 
should be employed in every study) by also taking the should be employed in every study) by also taking the 
additional overhead into accountadditional overhead into account
Proved even a simple notification approach as the one Proved even a simple notification approach as the one 
introduced here can be proved to be a valuable mechanism introduced here can be proved to be a valuable mechanism 
(overhead(overhead--limiting)limiting)
Made energy considerations to capture the performance of Made energy considerations to capture the performance of 
the algorithm in a network where different transmission power the algorithm in a network where different transmission power 
levels among the nodes may be employed levels among the nodes may be employed 


