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Road Map

! Introduction: what is a MANET?

! Reversing the Incredibles
Ð Initialization
Ð Simulation Scenarios
Ð Variables Evaluated

! Shameless Plug

! In closing ...
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MANET = Mobile Ad hoc NETwork



MANET = Mobile Ad Hoc NETwork

Mobility

Wireless links

A

B

Multi-hop r outing 

No Infrastructure



Rescue application





The Incredibles

! 151 papers presented at MobiHoc (2000-2005)

! 114 of 151 (75.5%) are simulation-based papers

! 34 of 114 (29.8%) did not state simulator used

! 106 of 114 (93%) did not address initialization bias

! 98 of 112 (87.5%) did not include conÞdence 
intervals

! etc.
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How can we be more credible?
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Our ÔIncredibleÕ Efforts

! Initialization
! Simulation Scenarios
! Variables Evaluated
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Mobility Model Usage
(survey results)
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Random Waypoint Mobility Model
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Random Waypoint Mobility Model
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Random Waypoint Mobility Model
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Random Waypoint Mobility Model
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Why only ~2 m/s?

init
bias



Solutions to This Init. Problem
! Discard Þrst x seconds of simulation time

Ð inefÞcient

Ð difÞcult to determine x
! x > 1000 seconds when min. speed is low

! Determine the steady-state distribution for 

Ð node speed

Ð node location

Ð node pause time
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Steady State Node Speed
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f (s) =

!
"

#

1
s log(v1/v 0)

v0 < s < v1

0 otherwise

! v1

v0
f (s) ds = 1

proportional to 1/s

min speed

max speed



Steady State Node Speed
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F (s) =
log(s) ! log(v0)
log(v1) ! log(v0)

F ! 1(u) =
vu

1

vu! 1
0

S = F ! 1(U)

initial speed uniform (0,1)
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Mobgen-SS NO init
  bias



! g(x) = unconditional density of the x-coordinate

! x-coordinate and y-coordinate are identically 
distributed

g(x) = 2
! x

0

! 1

x

! 1

0

! 1

0

k[(x2 ! x1)2 + (y2 ! y1)2]1/ 2

x2 ! x1
dy1 dy2 dx1 dx2
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Steady State Node Location

not feasible to compute in closed form



Steady State Node Location

But, we can sample from it!

1. choose an appropriate  initial path

2. choose a point on that path
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Steady State Random Waypoint

! Stationary Distributions for the Random 
Waypoint Mobility Model, IEEE Transactions 
on Mobile Computing, 3(1), pp. 99-108, 2004

! Mobgen-ss code shared with 126 research 
groups in 36 countries (as of Dec. 2009)
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Follow-up Efforts

! J-Y. Le Boudec and M. Vojnovic, Perfect 
Simulation and Stationarity of a Class of 
Mobility Models, INFOCOM 2005 (best paper 
award)

! CRAWDAD: Community Resource for 
Archiving Data at Dartmouth

! USC: Weighted Way Point Mobility
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RealMobGen for NS-2

C. Walsh, A. Doci, and T. 
Camp, A Call to Arms: 
ItÕs Time for REAL 
Mobility Models, ACM 
Mobile Computing and 
Communications Review, 
12(1):34-36, 2008. 
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RealMobGen code available
http://toilers.mines.edu



SMOOTH
A. Munjal, T. Camp, and W. Navidi, A Simple Way to 
Model Human Movement, to be submitted, Aug 2010. 
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SMOOTH code to be available
http://toilers.mines.edu



Take Away #1

26

Investigate the removal 
of initialization bias.



Our ÔIncredibleÕ Efforts

! Initialization
! Simulation Scenarios - Part I
! Variables Evaluated
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The Incredibles

! 151 papers presented at MobiHoc (2000-2005)

! 62 of 109 (56.9%) stated transmission range

! 58 of 109 (53.2%) stated size of the sim. area

! 62 of 109 (56.9%) stated # of nodes in study

! etc.
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Comparing Scenarios
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Parameter Scenario I Scenario II

Trans. Range 40 m 100 m

Width 120 m 300 m

Height 240 m 600 m

Node Speed 10 m/s 25 m/s



Comparing Scenarios

Parameter Scenario I Scenario II

Trans. Range 40 m = 1R 100 m = 1R

Width 120 m = 3R 300 m = 3R

Height 240 m = 6R 600 m = 6R

Node Speed 10m/s = 0.25R/s 25m/s = 0.25R/s
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DeÞnitions

! Generic MANET routing protocols

! Average shortest path

! Average network partitioning 
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AspHops =
! T

t=1 hopst
! T

t=1 pathst

Average Shortest Path Hop Count
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�
�
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# of realizations
# of hops for
all node pairs

at time t

# of paths
available
at time t



STANDARD 1: To rigorously evaluate generic 
MANET routing protocols, the average 

shortest-path hop count needs to be large.
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Average Network Partitioning

ANP =
! T

t =1 zt

n(n ! 1)T
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�
�
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# of realizations # of node pairs 
with no path 

at time t

# of nodes



STANDARD 2: To rigorously evaluate generic 
MANET routing protocols, only a small amount 

of network partitioning should exist.
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STANDARD 1: To rigorously evaluate generic 
MANET routing protocols, the average 

shortest-path hop count needs to be large .

STANDARD 2: To rigorously evaluate generic 
MANET routing protocols, only a small amount 

of network partitioning should exist.

MANET Scenarios
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Methodology

1. Used linear regression to construct 
models that predict our two metrics 

2. Inverted these constructed models
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Parameters (Square Area)

Parameter Levels

Nodes 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 
160, 170, 180, 190, 200, 210, 220, 230, 240, 
250

Area (R^2) 40, 43, 46, 49, 53, 56, 59, 62, 66, 69, 72, 75, 
79, 82, 85, 88, 92, 95, 98, 101, 105

Speed (R/s) 0.01, 0.02, 0.05, 0.10, 0.20, 0.25, 0.30, 0.35, 
0.40, 0.45, 0.50, 0.55, 0.60, 0.65, 0.70, 
0.75, 0.80, 0.85, 0.90, 0.95, 1.00, 1.05, 1.10, 
1.15, 1.20, 1.25

Pause (s) 1, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 
28, 30, 32, 34, 36, 38, 40
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ln (ANP ) = ! 2.3774! 3.04714ln (nodes) + 3.4626ln (area)

+ 0.00425ln (speed) ! 0.00068(pause)

ln (A spHops) = ! 0.33827! 0.10941ln (nodes) + 0.5847ln (area)

+ 0.00015ln (speed) + 0.00014(pause)

Fitted Models (1)
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# of nodes sim. area (R^2)

node speed (R/s) node pause time (s)

for ANP < 40%



Fitted Models (2)

ln (ANP ) = ! 2.39377! 3.04704ln (nodes)

+ 3.46258ln (area)

ln (A spHops) = ! 0.33795! 0.1094ln (nodes)

+ 0.5848ln (area)

40

for ANP < 40%



Scenario Generator
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for ANP < 40%

Nodes = e! 0.164 ! ANP ! 0.417 ! AspHops2.468

Area = e0.567 ! ANP ! 0.0769 ! AspHops2.159
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Overview of Results
! Aspect ratios considered:

Ð 1x1 square areas
Ð 1x2 rectangle areas
Ð 1x3 rectangle areas
Ð 1x4 rectangle areas

! For given ANP/AspHops, as aspect ratio 
increases

Ð number of nodes decreases
Ð simulation area decreases
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Our ÔIncredibleÕ Efforts

! Initialization
! Simulation Scenarios - Part II
! Variables Evaluated
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Mobility Model Usage
(survey results)
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=> SLAW (Infocom 2009)
Realistic Modeling? => RealMobGen (2008)



STANDARD 1: To rigorously evaluate generic 
MANET routing protocols, the average 

shortest-path hop count needs to be large .

STANDARD 2: To rigorously evaluate generic 
MANET routing protocols, only a small amount 

of network partitioning should exist.

MANET Scenarios
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Average Neighbor Count
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# of realizations
# of 

neighbors
at time t

# of nodes

ANC =
! T

t =1
neighbors t

nT



STANDARD 3: To rigorously evaluate generic 
MANET routing protocols, the average number 

of neighbors should be large.
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SLAW Parameters
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Fitted Models for SLAW

50

nodes = 61.219  * (- 3.920 + AspHops + 3.374 ANP + 0.175 ANC)                 

area = 55.028 * (- 4.838 + AspHops + 6.591 ANP + 0.0249 ANC)                           

hurst = 0.980 * (- 2.955 + AspHops + 2.021 ANP + 0.096 ANC)                     

                           (- 3.920 + AspHops + 3.374 ANP + 0.175 ANC) 



Example Scenario with SLAW
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Number of nodes = 226

Simulation area = 150.2 R^2

Hurst parameter = 0.82

Average shortest path hop count = 4

Average network partitioning = 50%

Average number of neighbors = 11



Model Validation
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Take Away #2

53

Investigate what your 

simulation parameters MEAN.



Our ÔIncredibleÕ Efforts

! Initialization
! Simulation Scenarios
! Variables Evaluated
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55
node pause time (s)
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Variables Constant
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1

Item Setting Category
Simulator NS-2 Simulator
Version NS2.1b7a Simulator
Channel WirelessChannel Simulator
Antenna OmniAntenna Simulator
Interface WirelessPHY Simulator

CPThresh = 10.0 dB
CSThresh = 1.559e-11 W
RXThresh = 3.652e-10 W
Freq = 914 MHz
L = 1.0
Rb = 2 Mb

MAC 802.11 Simulator
Queue Priority Droptail Simulator
LinkLayer LL Simulator

mindelay 50µs
avgdelay 25µs

Movement model SS-Random waypoint Scenario
Duration 100 seconds Scenario
Class Peer-to-peer TrafÞc
Generation CBR TrafÞc
Routing Protocol LAR Box Protocol



Variables Studied
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1

Category Variable Description Levels
Simulator Antenna position Where antenna is on node front(x), top(z)
Simulator Bandwidth (MB) Bandwidth capacity of the network 1, 2, 10, 30, 100
Simulator Propagation model Model of radio phenomenon FreeSpace,

TwoRayGround
Simulator Interface queue length (packets) Length of node’s interface queue 10, 20, 50, 75, 100
Simulator Queue drop front Use of drop front queue or not FALSE, TRUE
Simulator Queue limit (packets) Size of node’s queue 10, 20, 50, 75, 100
Simulator Queue blocked If queue blocked while in use FALSE, TRUE
Simulator Queue unblock on resume Remove block at end of use FALSE, TRUE



Variables Studied
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1

Category Variable Description Levels
Scenario Node speed (m/sec.) Speed of node movement 3, 5, 10, 20, 30
Scenario Node pause time (secs.) Time stopped at destination 0, 10,20, 30, 50
TrafÞc Packet Size (bytes) Size of data packet 64, 128,512, 1K, 2K
TrafÞc Packet Send Rate (packets/sec.) Packets sent per second 1, 4, 8, 10, 20
TrafÞc Number of sources (nodes) Nodes originating packets 10, 15,20, 30, 50
TrafÞc Source-destination pairs How the destination of a source is

chosen
Fixed, Random
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1

Category Variable Description Levels
Protocol LARDelta Error factor for increasing or decreas-

ing the forwarding zone size.
0, 0.5, 1.0, 1.5, 2.0

Protocol LARFHDelta First hop error factor increasing or de-
creasing the forwarding zone.

1, 2, 3, 4, 5

Protocol LARrouteRequestTimeout (secs.) If a route reply is not received in this
amount of time a request is ßooded.

0.1, 0.25,0.5, 0.75, 1

Protocol LARpurgePending Whether to drop packets in the pending
queue or not.

FALSE, TRUE

Protocol LARdropPendingPacketsAfter
(seconds)

Time to drop pending packets after. 10, 30, 50, 60, 75

Protocol LARuseRoutePersistence Whether or not to use route persistence
timeouts.

FALSE, TRUE

Protocol LARroutePersistenceTimeout
(seconds)

Time limit for a route to remain valid. 0.1, 0.5, 0.9, 1.0, 1.5

Protocol LARusePromiscuousListening Whether to use promiscuous listening
or not for route replies.

FALSE, TRUE

Protocol LARuseIntermediateRouteRepair Whether to allow intermediate nodes to
Þx routes or not.

FALSE, TRUE

Protocol LARuseIntermediateRouteReply Whether or not to allow intermediate
nodes to reply to a route request.

FALSE, TRUE

Protocol LARdropIntermediatePacketsIfNoRouteWhether intermediate nodes should
drop packets with no route while in-
termediate route repair is on.

FALSE, TRUE

Protocol LARuseAreaRestrict Whether to use area restriction or not.FALSE, TRUE
Protocol LARuseAreaFallback Whether to use area fallback or not. FALSE, TRUE
Protocol LARareaThreshold (%) Percentage of the transmission range to

restrict forwarding zone.
0.1, 0.3, 0.5, 0.7, 0.9

Protocol LARuseJitteronSend Adds jitter to unicast packets sent. FALSE, TRUE
Protocol LARuseJitteronBroadcast Adds jitter to broadcast packets sent. FALSE, TRUE
Protocol LARpendingPacket QueueLength

(packets)
Maximum number of packets allowed
in the pending queue.

40, 50,64, 100, 150



Scenarios Studied
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1

Parameter Selection Validation
Scenario Scenario I Scenario II

Number of Nodes 100 100 150
Dimensions 270 m! 270 m 270 m! 270 m 400 m! 400 m
Transmission Range 40 m 100 m 100 m
Node Density 0.00137 nodes/m2 0.00137 nodes/m2 0.00094 nodes/m2

Node Coverage 5026.5 m2 31,416 m2 31,416 m2

Footprint 6.9% 43.1% 19.6%
Maximum Path 381.8 m 381.8 m 565.7 m
Network Diameter 9.5 hops 3.8 hops 5.7 hops
Neighbor Count 6.9 nodes 43.1 nodes 29.5 nodes
Average network partitioning 5 % 0 0
Average shortest-path hop count4 hops 1.88 hops 2.58 hops



Variable Section Method
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! chose 1000 random combinations
Ð ran 300 independent simulations
Ð 100 seconds each

! three stage selection method
Ð stepwise regression
Ð stepwise regression with two-way 

interactions and squares
Ð best subsets
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Important Variables
(most significant impact on delivery ratio)

1

Variables

Number of sources (NSrc)
Source-destination pairs (SD)
Packet send rate (PSR)
Propagation model (PR)



Scenarios Studied
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1

Parameter Selection Validation
Scenario Scenario I Scenario II

Number of Nodes 100 100 150
Dimensions 270 m! 270 m 270 m! 270 m 400 m! 400 m
Transmission Range 40 m 100 m 100 m
Node Density 0.00137 nodes/m2 0.00137 nodes/m2 0.00094 nodes/m2

Node Coverage 5026.5 m2 31,416 m2 31,416 m2

Footprint 6.9% 43.1% 19.6%
Maximum Path 381.8 m 381.8 m 565.7 m
Network Diameter 9.5 hops 3.8 hops 5.7 hops
Neighbor Count 6.9 nodes 43.1 nodes 29.5 nodes
Average network partitioning 5 % 0 0
Average shortest-path hop count4 hops 1.88 hops 2.58 hops
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Take Away #3
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Investigate what 
parameters to evaluate.
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! In closing ...
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Toilers Code Shared

12 code packages available by request

    over 1400 requests

              from 69 countries

as of December 2009 
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http://toilers.mines.edu



iNSpect

! interactive NS-2 protocol 
and environment 
conÞrmation tool (iNSpect)

! Code shared with 543 
research groups in 55 
countries (Dec. 2009)
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http://toilers.mines.edu



Mobility Models

! T. Camp, J. Boleng, and V. Davies, A Survey of 
Mobility Models for Ad Hoc Network Research 

! Code shared with 356 research groups in 49 
countries (Dec. 2009)

! Citations place paper in Òtop 1% within its ÞeldÓ 
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http://toilers.mines.edu
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WhoÕs that?



Current Toilers
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! Faculty: Tracy Camp, Qi Han, and William Navidi

! TCÕs Current Graduate Students: Doug Hakkarinen,  
Aarti Munjal, Kerri Stone, Jyoti Vashishtha, and 
Chris Walsh

! TCÕs Current Undergraduate Students: Monica 
Noring, Oliver Chase, Brian Hoenes, Caitlin Hurley, 
Ian Littman, and Gary Scheid 

! TCÕs recent graduates: Dr. Stuart Kurkowski and 
Dr. Xinhua Yang



Thanks for your attention!


