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• Multiple nodes communicating on a single channel.

◦ E.g., Ethernet, Wi-Fi etc.
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◦ E.g., Ethernet, Wi-Fi etc.

• Transmissions can collide on a shared channel network.
• Collision-free transmissions are required to achieve any task.
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• Multiple nodes communicating on a single channel.

◦ E.g., Ethernet, Wi-Fi etc.

• Transmissions can collide on a shared channel network.
• Collision-free transmissions are required to achieve any task.
• Different channel types provide different feedback to

transmitters and receivers.

◦ Some channels provide ternary feedback:clear transmission,
silence or collision (e.g., Ethernet).
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• Multiple nodes communicating on a single channel.

◦ E.g., Ethernet, Wi-Fi etc.

• Transmissions can collide on a shared channel network.
• Collision-free transmissions are required to achieve any task.
• Different channel types provide different feedback to

transmitters and receivers.

◦ Some channels provide ternary feedback:clear transmission,
silence or collision (e.g., Ethernet).

◦ In radio networks [BGI’92]:

• No channel feedback to transmitter;

• On most radio networks, receivers can sense only two channel

states:clear transmission ornoise=(collision/silence);
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• Multiple nodes communicating on a single channel.

◦ E.g., Ethernet, Wi-Fi etc.

• Transmissions can collide on a shared channel network.
• Collision-free transmissions are required to achieve any task.
• Different channel types provide different feedback to

transmitters and receivers.

◦ Some channels provide ternary feedback:clear transmission,
silence or collision (e.g., Ethernet).

◦ In radio networks [BGI’92]:

• No channel feedback to transmitter;

• On most radio networks, receivers can sense only two channel

states:clear transmission ornoise=(collision/silence);

• The properties of a shared channel have a profound impact on
the protocols usable on the channel!
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• Sensor nodes are small devices that combine sensing,
communication and computing.

• Single channel radio communication [BGI’92].
• We defined a WEAK SENSORMODEL that encapsulates all

these and other computational restrictions [FCFM’05].
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• Sensor nodes are small devices that combine sensing,
communication and computing.

• Single channel radio communication [BGI’92].
• We defined a WEAK SENSORMODEL that encapsulates all

these and other computational restrictions [FCFM’05].
• In addition, sensor nodes may wake up and start processing at

arbitrary times, i.e., Adversarial Wake-up.
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• If a receiver receives a transmission from a node in its
one-hop neighborhood while all other nodes are silent, then
the reception is termed asuccessful reception.
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• If a receiver receives a transmission from a node in its
one-hop neighborhood while all other nodes are silent, then
the reception is termed asuccessful reception.

• If a transmitter transmits while no other node in itstwo-hop
neighborhood is transmitting, then the transmission is termed
a clear transmission.
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• If a receiver receives a transmission from a node in its
one-hop neighborhood while all other nodes are silent, then
the reception is termed asuccessful reception.

• If a transmitter transmits while no other node in itstwo-hop
neighborhood is transmitting, then the transmission is termed
a clear transmission.

• Node makes aclear transmission.
=⇒ All its one-hop neighborssuccessfully receive.
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• One-hop setting: Exactly one node transmits and all other
nodes are silent.

Time Slot 0
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• One-hop setting: Exactly one node transmits and all other
nodes are silent.

Time Slot 1: Collision
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• One-hop setting: Exactly one node transmits and all other
nodes are silent.

Time Slot 2: Collision
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• One-hop setting: Exactly one node transmits and all other
nodes are silent.

Time Slot 3: Clear Transmission



The Clear Transmission Problem

Introduction

The Clear
Transmission Problem
• Clear Transmissions
in Radio Networks
• The Clear
Transmission Problem
• The Clear
Transmission Problem
is Fundamental!

• The Network Model

• Previous Work

• Our Results

Uniform One-hop
Protocol

Extensions

Thank You

Lower Bounds on Clear Transmissions in Radio Networks LATIN’06 – 7 / 22

• One-hop setting: Exactly one node transmits and all other
nodes are silent.

Clear Transmission achieved
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• Multi-hop setting: Every node either makes or receives a
clear transmission.

Red nodes areclear transmitters and blue nodes are
successful receivers
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A lower bound for the Clear Transmission Problem is also
applicable by reduction to:

• Maximal Independent Set.
• Leader Election.
• Wake Up.
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A lower bound for the Clear Transmission Problem is also
applicable by reduction to:

• Maximal Independent Set.
• Leader Election.
• Wake Up.

Prior to setting up a MAC layer, solving the Clear Transmission
Problem is essential.
Hence a clear transmission is essential for the network to
perform any task.
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A lower bound for the Clear Transmission Problem is also
applicable by reduction to:

• Maximal Independent Set.
• Leader Election.
• Wake Up.

Prior to setting up a MAC layer, solving the Clear Transmission
Problem is essential.
Hence a clear transmission is essential for the network to
perform any task.

Lower Bound for the Clear Transmission Problem

⇓
Universal Lower Bound in Radio Networks.
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• Shared channel of communication.
• Lack of a collision detection mechanism.
• Non-simultaneous transmission and reception.
• Nodes have the same clock speed and are synchronized.
• Adversarial wake-up schedule.
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• Shared channel of communication.
• Lack of a collision detection mechanism.
• Non-simultaneous transmission and reception.
• Nodes have the same clock speed and are synchronized.
• Adversarial wake-up schedule.
• Two node placement settings:

◦ One-hop: Nodes are all within range of each other.
◦ Connected Random Geometric Graph (RGG):

• Nodes are distributed uniformly at random in an area.
• Density of nodes is enough to ensure connectivity w.h.p.
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Algorithms:

• [HNO’99]- Leader Election -O(log2 n), w.h.p, One-hop.
• [GPP’00]- Wake-up -O(log n log(1/ε)), w.p1− ε, One-hop.
• [MW’05]- MIS - O(log2 n), w.h.p, Multi-hop, WSM.
• [FCFM’05]- Network Bootstrapping -O(log2 n), w.h.p,

Multi-hop Connected RGG, WSM.
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Algorithms:

• [HNO’99]- Leader Election -O(log2 n), w.h.p, One-hop.
• [GPP’00]- Wake-up -O(log n log(1/ε)), w.p1− ε, One-hop.
• [MW’05]- MIS - O(log2 n), w.h.p, Multi-hop, WSM.
• [FCFM’05]- Network Bootstrapping -O(log2 n), w.h.p,

Multi-hop Connected RGG, WSM.

Lower Bounds:

• [KM’98]- Broadcast -Ω(log n) expected time, One-hop.

• [JS’02]- Wake-up -Ω
(

log n log(1/ε)
log log n+log log(1/ε)

)
w.p. 1 − ε,

One-hop, globally-synchronized=⇒ Ω( log n
log log n) expected.

• No known lower bound for Connected RGGs.
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Algorithms:

• [HNO’99]- Leader Election -O(log2 n), w.h.p, One-hop.
• [GPP’00]- Wake-up -O(log n log(1/ε)), w.p1− ε, One-hop.
• [MW’05]- MIS - O(log2 n), w.h.p, Multi-hop, WSM.
• [FCFM’05]- Network Bootstrapping -O(log2 n), w.h.p,

Multi-hop Connected RGG, WSM.

Lower Bounds:

• [KM’98]- Broadcast -Ω(log n) expected time, One-hop.

• [JS’02]- Wake-up -Ω
(

log n log(1/ε)
log log n+log log(1/ε)

)
w.p. 1 − ε,

One-hop, globally-synchronized=⇒ Ω( log n
log log n) expected.

• No known lower bound for Connected RGGs.

Conclusion:

• Gap between MIS upper bound and lower bound on clear

transmission:O(log2 n) vs. Ω
(

log2 n
log log n

)
w.h.p.
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• Results in One-hop setting:

◦ Ω(log n log(1/ε)) lower bound on uniform protocols for clear
transmissions w. p.1 − ε, One-hop(closes the gap).

◦ By reduction the same lower bound applies to non-uniform
protocols.

◦ Result impliesΩ(log n) lower bound on expectation for clear
transmission, matching best known result.

• For nodes distributed as a connected RGG,
Ω(log log n log(1/ε)) w.p. 1 − ε lower bound on clear
transmission (whenε < 1/n).
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• Uniform: All nodes run identical randomized protocols and
know an upper bound on the number of nodesn.

• One-hop: Node connectivity modelled by a clique.
• Randomized uniform protocol for clear transmission: A

sequence of transmission probabilities (t.p’s),p1, p2, . . .
wherep� is t.p. in�th time step after waking up.

• Weak Adversary:

◦ Adversary only wakes up nodes in the beginning.
◦ Adversary can only wake up2i nodes where0 ≤ i ≤ log2 n.
◦ Other nodes do not participate in the protocol.
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Time Slots

1 2 3 4 T

p

• Randomized uniform protocol: A sequence of transmission
probabilities (t.p’s),p1, p2, . . . wherep� is t.p. in�th time step
after waking up.

• Weak Adversary: Adversary only wakes up nodes in the
beginning.=⇒ All participating nodes have same t.p. in each
time-slot.
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p

• Weak Adversary + Uniform Protocol =⇒ Probability of
clear transmission by a time-slotT is independent of the
actual order of t.p’s!
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Time Slots

1 2 3 4 T

p

⇒

Probability Bins

# 
T
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p3p2 ....................p1

• Weak Adversary + Uniform Protocol =⇒ Probability of
clear transmission by a time-slotT is independent of the
actual order of t.p’s!

• Only the number of time-slots with each t.p. does.
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Time Slots

1 2 3 4 T

p

⇒

Probability Bins

# 
T

im
e 

S
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ts

1/n1/81/41/2 ....................

• Weak Adversary + Uniform Protocol =⇒ Probability of
clear transmission by a time-slotT is independent of the
actual order of t.p’s!

• Only the number of time-slots with each t.p. does.
• Assume that t.p’s can only be one of

p� ∈ {2−j |1 ≤ j ≤ log2 n} (∵ will only lose constant factor).
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• tj : number of time-slots that nodes are transmitting with
probability2−j .

• pij : probability that2i nodes (woken up by the adversary) fail
to clear when they all transmit with probability2−j .
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• tj : number of time-slots that nodes are transmitting with
probability2−j .

• pij : probability that2i nodes (woken up by the adversary) fail
to clear when they all transmit with probability2−j .

• Thus:

pij = 1 − 2i 1
2j

(
1 − 1

2j

)2i−1

.
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• tj : number of time-slots that nodes are transmitting with
probability2−j .

• pij : probability that2i nodes (woken up by the adversary) fail
to clear when they all transmit with probability2−j .

• Thus:

pij = 1 − 2i 1
2j

(
1 − 1

2j

)2i−1

.

• The probability of failure (by time-slotT ) for any number of
active nodes,2i, needs to be bounded by:

∏
j

p
tj
ij ≤ ε ⇐⇒

∑
j

tj ln(pij) ≤ ln(ε).
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• tj : number of time-slots that nodes are transmitting with
probability2−j .

• pij : probability that2i nodes (woken up by the adversary) fail
to clear when they all transmit with probability2−j .

• Thus:

pij = 1 − 2i 1
2j

(
1 − 1

2j

)2i−1

.

• The probability of failure (by time-slotT ) for any number of
active nodes,2i, needs to be bounded by:

∏
j

p
tj
ij ≤ ε ⇐⇒

∑
j

tj ln(pij) ≤ ln(ε).

• The optimal protocol minimizes
∑

j tj while satisfying linear
constraints ontj ’s.
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• tj : number of time-slots that nodes are transmitting with
probability2−j .

• pij : probability that2i nodes (woken up by the adversary) fail
to clear when they all transmit with probability2−j .

• Thus:

pij = 1 − 2i 1
2j

(
1 − 1

2j

)2i−1

.

• The probability of failure (by time-slotT ) for any number of
active nodes,2i, needs to be bounded by:

∏
j

p
tj
ij ≤ ε ⇐⇒

∑
j

tj ln(pij) ≤ ln(ε).

• The optimal protocol minimizes
∑

j tj while satisfying linear
constraints ontj ’s.=⇒ Linear Program!
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Minimize
∑

j

tj ,

subject to:

∀i,
∑

j

tj ln(pij) ≤ ln(ε)

∀j, tj ≥ 0
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Minimize
∑

j

tj ,

subject to:

∀i,
∑

j

tj ln(pij) ≤ ln(ε)

∀j, tj ≥ 0

Matrix Form

Minimize 1T t,

subject to:

Pt ≥ ε

t ≥ 0

Where:

t � [tj ],

ε � [− ln(ε)],

P � [− ln(pij)]
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LP

Minimize 1T t,

subject to:

Pt ≥ ε

t ≥ 0

Where:

t � [tj ],

ε � [− ln(ε)],

P � [− ln(pij)]
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Primal Dual

Minimize 1T t,

subject to:

Pt ≥ ε

t ≥ 0

MaximizeεTu,

subject to:

PTu ≤ 1

u ≥ 0.

Where:

t � [tj ],

ε � [− ln(ε)],

P � [− ln(pij)]
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Primal Dual

Minimize 1T t,

subject to:

Pt ≥ ε

t ≥ 0

MaximizeεTu,

subject to:

PTu ≤ 1

u ≥ 0.

Where:

t � [tj ],

ε � [− ln(ε)],

P � [− ln(pij)]

• The primal has a finite minimum value.

=⇒ The dual has a finite maximum value.
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Primal Dual

Minimize 1T t,

subject to:

Pt ≥ ε

t ≥ 0

MaximizeεTu,

subject to:

PTu ≤ 1

u ≥ 0.

Where:

t � [tj ],

ε � [− ln(ε)],

P � [− ln(pij)]

• The primal has a finite minimum value.

=⇒ The dual has a finite maximum value.
=⇒ Any feasible objective function value for the dual is a

lower bound on the value of the primal!
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MaximizeεTu,

subject to:

PTu ≤ 1

u ≥ 0.

Let P T
max be the row ofPT with the maximum row sum.

=⇒u =
1

P T
max1

satisfies all constraints.
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MaximizeεTu,

subject to:

PTu ≤ 1

u ≥ 0.

Let P T
max be the row ofPT with the maximum row sum.

=⇒u =
1

P T
max1

satisfies all constraints.

=⇒εTu =
εT1

P T
max1

is a lower bound on1T t.
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MaximizeεTu,

subject to:

PTu ≤ 1

u ≥ 0.

Fact 1. The primal has log2 n + 1 constraints. =⇒ ε is a
log2 n + 1 dimensional vector.

Lemma 1. P T
max1 ∈ O(1).

• Thus εT 1
P T

max1
∈ Ω(log n log(1/ε)).

=⇒ Ω(log n log(1/ε)) is a lower bound on1T t.

Theorem 2. Ω(log n log(1/ε)) lower bound on uniform
protocol.
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Non-uniform Protocol Lower Bound:
AssumeA, non-uniform protocol.
We present a protocolA′:

For each node

Choose uniformly at random an integeri ∈ [1, n2/ε].
Simulate protocolA usingi as ID.

Conclusion:
The protocolA′ described is uniform.=⇒ Ω(log n log(1/ε))
lower bound holds for the non-uniform case as well!
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Connected RGG:

• Nodes are distributed uniformly at random in a
neighborhood.

• Density of nodes is enough so that network is connected.
• # neighbors of each node isΘ(log n) w.h.p.
• # probability bins isΘ(log log n).

=⇒ Ω(log log n log(1/ε)) lower bound.
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