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Outline
e Analytical Core

— A tractable abstraction of the physical layer
— A tractable abstraction of the human visual system
— A fundamental result

e Single-user applications: data, image, video
e Decentralized multi-user applications:

— Game formulation
— Mechanism design

e Centralized data throughput maximization

— Without noise
— With noise and media terminals present




CORE: Motivation

e Many radio-resource optimizations share a commoalytical core
e This core enablesobustandtractableanalysis
e and provideglear answerm fairly generalscenarios

e Problems to which this framework applies:

— Decentralized power control for 3G CDMA

— Data rate and power allocation for maximal cell throughput wh
data and media terminals share a CDMA cell

— Power and coding rate choice for scalable media files (images, vi

— Choosing the “right amount” of distortion when less distortion me
a higher cost

e Typically, to solve these problems one has to know howntximize
f(x)/xwith f an “S-curve’




CORE: S-curves: why??

e S-curves play an essential role in the core

e For any physical layer, the function giving the probability that a d
packet is received successfully as function of the SIR is an S-curve

e An S-curve can also model the perceptual quality of a reproduced im
or video as function of the coding rate

e An arbitrary S-curve includes as special cases

— an arbitrary convex curve

— an arbitrary concave curve
— an arbitrary threshold (step)
— a straight line (almost)




Image Quality or "Utility"
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CORE: An abstraction of the physical layer

e For resource-management purposes, a frame success function (FSF
capsulates the essential information about the physical layer

e The FSF gives probability that a data packet is received successfull
function of SIR at receiver

e It's determined by the details of the physical layer. modulation, dive
sity, FEC, etc.

e EX: for Gaussian channel, non-coherent FSK modulation, with pac
size M=80, no FEC, independent bit errors, and perfect error detecti

the FSF isfy(x) = [1— %GXD(—)—Z()]SO

e If the analysis assumes that that is knownabout the FSF is that it is
a smooth S-curvé, the analysis de facto accommodates most physic
layers of interest



CORE: Abstracting the human visual system

e Modern image/video encoders (e.g., JPEG 2000, MPEG-4, SPIHT)
duce ‘scalabléfiles (can be truncated and decoded)

e decodingcomplete file== maximalquality
e decodingrewer bits per file=- lower quality

e Fory the # of bits intruncatedfile, needU (y) as the end-user “quality”
or “utility” of decoded media.

e U must beincreasingbut with which ‘shapé (convex, concave, linear,
etc.) ?

e U can be obtained bysychophysica¢éxperiments for a specific user.

e If the analysis assumes thatl that is knownaboutU is that it is a
smoothS-curve the analysis de facto accommodates a conugy, (
concave(,), or “step” U,) curve! (and even a straight line!)




CORE: An abstraction of the HVS I

e A media signal can be useful to an end-user under various degree
noticeable distortion

e A utility function of distortion captures this mathematically and enablé
the analysis of interesting trade-offs (e.g. quality vs. quantity)

e As function of distortion,U must bedecreasing.., but with which
“shapé (convex, concave, linear, etc.) ?

e The literature typically assumes that, up to a level, distortion has
effect on signal quality, but beyond that level it makes the signal usel
(“hard threshold”).

e By assuming that the utility function is"aeversed" S-curvethe “hard
threshold” is contained as a special case. Additionally, other possik
ties are considered (“almost” convex, “almost” concave, etc.)

e For further details on this approach, and how it can be applied to
interesting problem segdditional slidesnd/ora complete paper
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utility

distortion

Beauty is in the eyes of the beholder




CORE: Maximizing S(x)/x
e Maximize f(x)/x whereall that is knownaboutf is that its graph is an
S-curve.

¢ No functional form (“equation”) is imposed

e Sigmoidnesss- f “starts out” convex at the origin, and “smoothly” tran
sitions to concave as it approaches a horizontal asymptote

e Maximizer must solvexf'(x) = f(x).
Solution:
— always exists
—is unique
— can be graphically described blyawing a tangent

e Ratiof(x)/xis quasi-concave (enables application of Debreu’s and ot
results)
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CORE:Recap

e Many radio-resource problems involve maximizih@) /x, with f cer-
tain monotonic function

e If all that is knownaboutf is that it is anS-curvef can be (i) “mostly”
concave, (ii) “mostly” convex, (iii) “mostly” straight, (iv) a “step”

e An S-curve can yield a useful abstraction of (i) the physical layer of
wireless communication system and (ii) the human visual system

e With f an S-curve, the solution to maximizifgx) /x is unique and can
be clearly described byrawing a tangent

e Several interesting problems involving coding rate, data rate and po
allocation can be solved this way.

e For analytical work, specifying an “equation” fdrtypically is neither
necessary nor helpful. For numerical illustrations and simulations, th
are well known parametric equations yielding S-curves (e.g., Richar
curve)




Max. bits per Joule for data transmission

e Many delay-insensitive packets to be transferred.
e Limited energy budget.

e How much power to use? Too little powertoo many re-transmissions;
too much power—wasted energy (e.g. increasing power by “a lot” m
only increase probability of packet success by “a little”)

e Solution: max. total number of bits successfully transmitted with av
able energy; i.e.,maximize bits per Joule

e Analysis leads to maximizing?( fs(x) — f5(0)) /P
fs— FSF, x—:SIR, R— bitrate, P — power
e It's proportional to( fs(x) — f5(0)) /x = f(x)/x

e The solution can be obtained biyawing a tangerfrom origin.




Scalable Image Files (SIF) on wireless link
e Many image files to transfer over wireless link
e Each file is ‘Scalablé (can be truncated and decoded; e.qg., JPEG 20
e Energyis limited!
e AssumesS-curveu(y) givesquality arisingfrom y-bit truncated file

e Transferringcomplete file=> maximalquality, BUT few transferred im-
ages. Transferrinew bits per file= manyimagestransferredBUT
each oflow quality

e Problem: how many bits per file to transferl{ere to truncajeAND at
which powerto transmit?

e What to do??
Maximizetotal utility: nx u(y) with n= E/c(y), E the available energy
andc(y) the energy cost afuccessfullitransferring a/-long file




SIF: Solution

e Analysis= with x the SIR, andR the bit rate :

-

: ~—~—
bits/Joule  quality/bit

maxkR

e Analysis= f(x)/xandU (y)/y can be maximizechdependently
e Both f andU areS-curves

e The desired solution can be obtaineddwwing a tangerfrom origin
to S-curve.

e To consider multiple users, set up game in which each terminal m
mizes quality per Joule




Wireless Scalable video streaming (SVS)

e Each T-secs of video yieldsstalablé file (can be truncated and de-
coded; e.g., MPEG-4, SPIHT-3D)

e AssumesS-curveu(y) givessegment qualityrom y-bit truncated file

e EnergyE is limited!
¢ File for given segment must be transferred in a deadlint sécs.

e Transferring each fileomplete= maximalquality per segmenBUT
shorttotal viewing time with available energy. Transferrifagv bits per
file = longrunning timeBUT low quality per segment.

e Problem: how many bits per file to transferl{ere to truncajeAND at
which powerto transmit?

e What to do?? Maximizéotal utility: nx u(y) with n = E/c(y) with
c(y) the energy cost of successfully transmitting-lang file in A secs.




SVS: System for Wireless Scalable Video
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Schematic of the wireless transmission of scalably encoded live video.
first approximation, assume channel is “pseudo-deterministic” deliver
(L/M)Rf(x) correct information bits per seRis the raw bit ratef (x) the
frame-success rate, ahgdM the ratio of information bits to the packet size




SVS: Solution

o) e B
X,y X X X
sty=Bf(x) OR s.t. 0<x<X
0<x<Xx

B = (L/M)RA interpreted as the maximum amount of information bi
(“best case scenario”) that can be transferred in the deaflline
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From the top, (i) the S-curve(y) giving the perceptual quality of a video
segment, as a function of the coding rate, {ifx), the probability of suc-

cessful reception of a packet as a function of the SIR, (iii) the compo
functionu(Bf(x)) := s(x), (iv) the ratios(x) /x which the terminal should
maximize.




Decentralized multiuser analysis (DMA): What
Is a Game?

e A game: each of several players chooses a “strategy” in order to rec
a “payoff”.

e Payoffs depend on the choices of ALL players
e Each player is “selfish”

e Key solution conceptiNash equilibrium
An allocation (a strategy per player) such that no player would gain
unilaterallychanging strategy (“deviating”)

e Nash equilibria are generally “inefficient”




DMA: Power Control Game

e Players: CDMA data transmitting terminals.

e Strategy: transmission power level

e Payoff : number of bits successfully transmitted per unit energy (bits/
e Signal-to-interference ratio determines bits/Joule

e A Nash equilibrium generally exists

e Equilibrium power levels are “too high”

e Challenge: how to get selfish terminals to choose lower power lev
“on their own”

e For further details on this game sites WCNC-03 paper



http://pages.poly.edu/~vrodri01/papers/robustmod_ieee_102.pdf

DMA: Mechanism design for decentralized ef-
ficiency

e “mechanism” : a set of procedures, penalties and rewards designe
guide selfish entities toward a desired outcome

e Example of a simple and useful mechanism:
Vickery’s Second Price Auction

— Each player chooses an amount of money to bid for an object
highest bidder gets object

— But highest bidder paysecond-highediid

— Each player’'s best response is to bid titse valuationof object:
“truth-telling’ is optimal



DMA: The Compensation Mechanism

e Proposed by Varian in a general context

e Requires atransferable goddsay money, with which agentssmpen-
sateeach other.

e Assuming only 2 terminals, and that terminal 1 interferes with termi
2 butnotvice-versa (SIC decoding), it works as follows

— Terminal 2 declares the amount money (or transferable good) it wi
to chargeterminal 1 as compensation for each unit of interferenc

— Terminal 1 (interferer) declares the priceoifersto pay terminal 2
as compensation.

— The interferer (#1) must payenaltyif its offered price is different
from terminal 2’s price




DMA: Why does the mechanism work?

e To avoid the penalty, generally the interferer will offer to pay the ex
amount terminal 2 wants.

e But why doesn’t terminal 2 ask “too much”?

— If price paid to terminal 2 exceeds its “true cost”, thenritékes a
profit” per unit of interference.

— But then, it wouldwant more interference!

— To get the interferer to produce more, terminal 2 moiser its price

— Thus, at equilibrium, terminal 2 price equals its true cost, which
the “fair thing” to do.

e The mechanism also works when both terminals interfere each ot
and with many mutually interfering terminals.

e For further details seadditional slidesind/oran extended abstract



http://www.nyman-workshop.org/2003/papers/Mechanism%20Design%20for%20Efficient%20Decentralized%20Network%20Control_The%20Case%20of%20Power%20Allocation%20in%20Wireless%20Networks_slides.pdf
http://pages.poly.edu/~vrodri01/papers/mechanism_xtnd_abs.pdf

Centralized Throughput Max. (CTM)

e CDMA Single Cell Data Comm.
e N terminals send data to a base station
e R.: chip rate R : datarate G; = R./R : Spread Gain

e f5(yi) : probability of correct receptiorof a data packetin terms of
received SIR

e Vi .= Gja; is the SIR witha; the CIR given by

_ hiR _: Qi
sYhiP+0?2 3 Qj+0?
J# J#

oF

¢ h: gain factor (“path loss”)

e hiP := Q;: received power




CTM: Optimization Model

Maximize
f(G]_CX]_) n Bf (Gzaz)
Gy G,
subject to
a0, = 1
G, > Go
G, > Go




CTM: First-Order Conditions (FONOC)

e Augmented objective functionp(Gy, G, a1,05) =

f 2
f((é]fl) + B (gzaz) +)\(0(10(2— 1) -I-i;I.li(GO— Gi)

e FONOC { = Giaj)

(yaf'(y1) — f(y1)) /G — 0
B(y2f'(v2) = F(v2)) /G5~ | _ | O
f'(y1) +Aaz 0
Bf'(y2) +Aay | 0

a0, =1
with W(Go—G1) =0
(Go—G2) =0




CTM: An “Interior” solution to FONOC

e Assumel; = o = 0 and verify whether a feasible solution to FONO
consistent with these hypothesis actually exists. This allGws Gg
and62 > G5p.

e A closed-form “interior” solution is found

G101 = Go02 = VYo

oy = aiz = /B
* Yo is unique positive solution tof'(x) = f(x). (seefigure)
e Itis required thaG; = yo/+/B > Go
e Second order conditions indicate this solutioalisaysa “saddle poirit

e This allocation isfair’ : both users enjoy samegeightedthroughput




CTM: “Unfair” Boundary Solution

e SetG, = Gy ("important” terminal operates at highest available da
rate), anduy = 0 (G1 > Gop)

e In order for this solution to FONOC to exist, the SIR of the ordina
terminal must bey (as before), and that of the “important” termina
must bea solutionto x2f'(x)/ f'(yo) = G3/B.

e x*f'(x)/f'(yo) has a "bell-shaped" graph. ThusG§/B is "too large",
x2f'(x)/ f'(yo) = G5/B has no solutions. Otherwise, it has two solutio

e Let Oy be the largest of the two values satisfying the preceding equati
All the optimizing values can be determined in term®@andyp.

e In particular,G; = yo0p/Go Which must exceety. Some analysis indi-
cates thaG; > Gy requires thady > yo. ThusGZ/p must fall substan-
tially below the “peak” ofx?f’(x) / f'(yo).

e Second order conditions confirm théihis solution existsit is a (local)
maximizer



CTM: Greedy allocation

e Seek a solution to FONOC by settiigy = G, = Gy (both terminals
operate at maximal data rate)

¢ With x andy the SIR of, respect., the important and ordinary termine
FONOC requires\(y) = Bh(x) with h(t) :=tf'(t), plus the constraint
xy = G5. Plotting all points that satisfin(y) = Bh(x) yields an “X-
shaped” graph. The intersections of this “X” with the hyperbolic graf
of xy = G5 may lead to feasible solutions to FONOC.

e Solution(s)always existbut may bea maximizeror aminimizer.

e min{x,y} must be> y, to ensure the Lagrange multipliers have the co
rect sign (-ive). Additionally, in order to satisfy the second-order conc
tions, the maximizer must be in the NE “leg” of the X .

e Forequally importanterminals, FONOC is satisfied with equal-receive
power, but could yield anaximizer( with Gg “large”) or a minimizet



(xl,yl), (x2,y2), (X1'y2) and (x2,y1) are possible solutions to ph(x)=h(y)

h(t)

0
0
"X-shaped" graphs showing points (x,y) satisfying Bh(x)=h(y)
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With h(t) :=tf’(t), FONOC requires thgth(x) = h(y), which is satisfied
by (x1,Y1), (X2.Y2), (X1,¥2), OF (X2, y1) (top). All such points form anX-
shaped graph. For lowGy, the hyperbola (constrainthay only intersect
the SW legof the X-curve, whicHeads to a minimum




CTM: Recap

e Eachphysical layehas d'preferred” SIR yo, Wheref (x) /x is max.

e 3 key allocations: (i)“balanced? both terminals operate ap, and
achieve equal weighted throughput; (ii)nfair” : the “important” ter-
minal operates at maximal bit rate, and the other at the IR d (iii)
“greedy”: both terminals operate at maximal bit rate.

e Thebalancedssignment islways suboptimalTheimportantterminal
should always operata maximal data rateOnly whenGg is “large”
should both terminals operate at maximal data rate.

e The “greedy allocation istreacherous can lead teeither a maximum
or a minimumn) depending upon wheth€&, exceeds certain threshold.

e Greedyandtheunfairallocations tomplemeriteach other.

e Extensions of this analysis to consider noise, and many terminals, Sc
of which could be transmitting media content are available



Overall Discussion — 1

e An analytical foundation for wireless resource management has beefi "
discussed, and several specific applications given.

e At the core is one or more functions about whighthat is knownis
that their respective graphs gbecurves No “equation” is used.

e The family of S-curves include (i) “mostly” concave, (ii) “mostly” con-
vex, (iii) “mostly” straight, (iv) and “step” “curves”.

e An S-curve can yield a useful abstraction of (i) the physical layer of a
wireless communication system and (ii) the human visual system (K]

e With f an S-curve, the unique point at whickx) /x is maximized can | [4]
be easily identified bylrawing a tangeniand plays a fundamental role ]
in several applications. Cl

e Several interesting problems involving coding rate, data rate and powerg]
allocation can be solved by applying this framework. ]

(0]



Overall Discussion — 2

e The applications discussed fall in 3 categories: (i) single-terminal, and
multi-terminal from a (ii) decentralized and (iii) centralized perspective.

e The single-terminal analysis, whether involving data, or cross-layer al-
location for images or video, yields clear and specific answers

e A decentralized allocation involving many terminals can be obtained as
a “Nash-equilibrium” of a “game”, but it is “inefficient”.

e “Mechanism design” can lead to decentralized efficiency. A “compen-
sation mechanism” from the economics literature is proposed.

e The centralized throughput maximization, with weights, is undertaken
via classical optimization theory. The solutions to the KKT conditions
can be described, and their optimality analyzed, on the basis of the
“shapes” ofgraphs arisindrom the original S-curve.

e Full papers and additional slides about these and other problems can l@
obtained ahttp://pages.poly.edu/~vrodriOl/research
(0]
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