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Roaming Users



Setup

time
ON OFF

sense sense

useful time
lost time

cost
sensing
lost time

Problem: find optimal sensing durations to min cost



Issue

time
ON OFF

sense sense

Non-Memoryless OFF time distribution

For general problem assume that OFF time ~ EXP

t t + b

 - algorithm may assume that OFF period is b, which is false



Context

time
ON

sensesense

General case of problem studied by Azad et al 2011
where ON period never expires



Earlier work

time
ON OFF

sense sense

Exp OFF and Exp ON time distribution

t t + b

 - Kim et al, Infocom 2011

General OFF and ON time distribution - simpler cost
 - Jeong et al, Infocom 2013



Problem Formulation - OFF time (~EXP)

time
ON OFF

sense sense

useful timelost time

cost
sensing   - 
lost time -                  sensing at 

cs

M(t, b(t)) (t, t + b(t))

t + b(t)t

C(t, b(t)) = cs + M(t, b(t))

V (t) = max

b(t)�0

[E{C(t, b(t))} + P
o↵

(t + b(t)|t 2 o↵)V (t + b(t))]DP

counting restarts



Problem Formulation - OFF time (~EXP)

time
ON OFF

sense sense

cost

t + b(t)t

C(t, b(t)) = cs + M(t, b(t))

V (t) = max

b(t)�0

[E{C(t, b(t))} + P
o↵

(t + b(t)|t 2 o↵)V (t + b(t))]DP

counting restarts

Two cases : sense is in ON

Two cases : sense is in OFF

system resetssensing restarts



Simple Property

time
ON OFF

sense sense

useful timelost time

The optimal sensing duration b(t) is independent of t

Because of EXP OFF time, at time t, know nothing about leftover OFF time

t + b(t)t



Useful Recursions - OFF time (Exp)

time
ON

sense sense

t + xt

off

either OFF is not over at t

z

P

o↵

(t + x|t 2 o↵) = P (OFF(t) > x) +
Z

x

0

f

d

(z)P
o↵

(t + x|z ")dz, z � t

P

o↵

(t + x|t ") =

Z
x
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f

c

(w)P

o↵

(t + x|w 2 o↵)dw,w � t

or OFF        ON happened at z >t 



M"(t) = t

Z 1

t
fc(x)dx+

Z t

0
fc(x)(x+M#(t� x))dx

Useful Recursions - OFF time (Exp)

time
ON

t0

OFF

Assume that ON      OFF happens at 0,

then expected ON time between [0,t] is M#(t) =
Z t

0
fd(x)M"(t� x)dx

If OFF      ON happens at 0, then expected ON time between [0,t] is M"(t)

t-x



Solution

Assume that ON >> OFF happens at 0,

then expected ON time between [0,t] is M#(t) =
Z t

0
fd(x)M"(t� x)dx

If OFF >> ON happens at 0, then expected ON time between [0,t] is M"(t)

M"(t) = t

Z 1

t

f

c

(x) +
Z

x

0
f

d

(x)M#(t� x)dx

Use Laplace Transforms



Solution - OFF time (Exp)

time
ON OFF

sense sense

useful timelost time

cost
sensing   - 
lost time - 

cs

t + b(t)t

C(t, b(t)) = cs + M(t, b(t))

V (t) = max

b(t)�0

[E{C(t, b(t))} + P
o↵

(t + b(t)|t 2 o↵)V (t + b(t))]DP

counting restarts

M(t, b(t)) = M#(b(t))



What about Non-EXP 
OFF time



Solution - OFF time (Non-Exp)

time
ON

sense sense

useful timelost time

V (t) = max

b(t)�0

[E{C(t, b(t))} + P
o↵

(t + b(t)|t 2 o↵)V (t + b(t))]DP

counting restarts

Critical Assumption 
As soon as one full ON period is missed algorithm is notified

one ON-one OFF period



Results - OFF time (Non-Exp)

Optimal Policy is deterministic
Value/Policy Iterations converge to optimal

If residual OFF period distribution converges in 
time, then the optimal sensing duration converges 
to a constant



Who gave you the distributions!



Learning Framework

time
ON

ON-OFF is EXP with unknown parameters 

OFF OFF

EXP(�c)EXP(�d)



Session Definition

time
ON

session reward Ui = Yi-Ci

OFF

session

missed On time + sensing Cost Ci Useful time Yi

optimal reward Ui* = Yi*-Ci*

Regret R(T ) =
TX

i=1

U⇤
i �

TX

i=1

Ui

Objective min
b

E{R(T )}



Learning Algorithm

n intervals

tk is the number of times interval k is chosen until time t 

0 bmax

each time pick a point 
uniformly randomly

Empirical reward for interval k until time t is Ek(t) 

Find k⇤ = arg max

k=1,...,n
Ek(t) +

r
2 ln t

tk

use a uniformly random point from interval k* 



If the number of intervals is n =

✓
T

lnT

◆1/4

E{R(T )}  O(
p
T lnT )

Result

[Auer, Ortner,Szepesvari 2007]
[Klienberg  2004]



Result
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What next !

Multi-user problem with contention

Game Formulation 

time
ONOFF OFF

sense sense sensesense

waits or 
equally shares BW





Useful Recursions - OFF time (Exp)

time
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t + b(t)t
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either OFF active at t is not over 

or OFF >> ON happened at z >t 
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Useful Recursions - OFF time (Exp)
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OFF

Assume that ON      OFF happens at 0,

then expected ON time between [0,t] is M#(t) =
Z t

0
fd(x)M"(t� x)dx

If OFF     ON happens at 0, then expected ON time between [0,t] is M"(t)

M"(t) = t

Z 1

t
fc(x) +

Z t

0
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