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Abstract—Available network information is an important fac-
tor in determining network performance. In this paper, we study
the basic limits on the amount of network information that should
be transmitted in the network to achieve a given level of netark
performance. From the perspective of information theory, ret-
work information is an information source, and the lower bound
on network information is the minimum code letters required to
encode the source. We propose a general information-thedie
framework, which can be applied to any network, to study
the effect of network information on the performance of any
network protocol. We also analyze the tradeoff between netark
performance improvement and network information collection
overhead. To illustrate our approach, we use the framework @
determine the lower bound on the traffic information for a simple
scheduling protocol in wireless networks. The results in ths paper
may be used to analyze and evaluate network protocols and gie
future designs.

I. INTRODUCTION

It is intuitively obvious that network information, such a
network topology, channel state and traffic information,
an essential and important factor in network performantce.
more network information is obtained, the network protoc%
will be more efficient and the network performance can
improved. For example, consider the hidden terminal prabl
[1] shown in Figure 1. Both nodes; andnz want to send
a packet to nodew,. Obviously, there will be a conflict if
ny andng transmit simultaneously. But if the two nodes ge"fl
the scheduling information of each other, the conflict can
be avoided and the network performance will be improveg.
However, collecting and disseminating network informatio
may consume valuable bandwidth resource. So, the objectiv
of our research is to investigate the relationship between

b

to achieve a given fidelity criterion [2]. The basic idea of
our research is that the distortion in rate distortion tlgeor
can be extended to network performance measures, such as
network capacity and packet loss rate, and the minimum
guantity of information required to achieve a given level of
network performance can be found by applying rate distortio
theory. The major contribution of our work is an information
theoretic framework, which is generally applicable to any
network (and to any resource allocation system), to forteula
the quantitative relationship between network informatmd
network performance. We demonstrate this framework using
a wireless network example, to obtain the lower bound on
the amount of information required to achieve certain nekwo
performance. We also consider the communication overhead
of collecting network information, and analyze its impaat o
the network performance. Although in this example we only
focus on the scheduling performance in wireless networks,

?our approach can also be applied to wired networks, and to

easure the effect of information on the performance ofrothe
etwork protocols, by using a similar procedure. Note that
ur network model is a simplified version of a real wireless
r?etwork, and the details of implementation are not considler
The rest of the paper is organized as follows. Section I
presents the state of the art. Section Il defines the problem
nd presents a framework based on rate distortion theory,
with which the relationship between information and networ

e

erformance can be analyzed. Section IV illustrates thadra
work by studying the effect of information for centralized
wireless networks. Section V computes the net network data
fafe. Section VI concludes the paper.

network performance and network information. There are two

fundamental questions,

II. RELATED WORK

1) How much information is required for effective decision The first work to study the required protocol information

making?

theoretically can be found in [3], where rate distortionaheis

2) What is the tradeoff between network performance imyrsed to find limits on required protocol information to inatie
provement and the communication overhead of transmjre start time and length of messages. Several recent papers

ting network information?

also use rate distortion theory to derive the lower bound on

Information theory provides a way of measuring informatiothe overhead required to restrict the information errohimit
and the ultimate limits of communication, and may help us given threshold [4]-[6]. Our work is fundamentally ditéert
investigate the relationship between information and petw in that, through the development of a performance degralati
performance. We find that the major purpose of rate distdunction, we have developed an information-theoretic sam
tion theory is to find the lower bound on the binary digitsvork which is generally applicable to any network, and to
required to encode a source so that it can be reconstrucéey network protocols. By choosing a proper performance



N lated. We extend the concept of distortion in rate distartio
N theory to network performance measures, and take the networ
information as an information source. Then the minimum
0—906—0 information required to achieve a given network perfornganc
n ny n3 can be found by minimizing the code letters required to eacod
A the source. Table | compares the original terms used in rate
co distortion theory and the terms used in our approach.
Suppose the complete network information 1, and
Fig. 1. Hidden Terminal Problem the estimated network information i¥. If X = X, ie.
the complete network information is obtained, naturale t
decisions can be correct and the network performance is
degradation function, our framework can be used to study tbgtimal. If X # X, i.e. the network information is incorrectly
limits on protocol information and overhead in [4]-[6]. estimated, the decisions based on the inaccurate inf@mati
There is also a body of work on “network informationmay be inappropriate, which will lead to degradation of the
theory” as exemplified by [7]-[9], but it focuses on thenetwork performance. In reality, available network infation
capacity region of the network and the distributed sour¢e mostly imprecise and incomplete. In such cases, we may
coding strategies, and is not directly related to our work. demand that the degradation of the network performance is
Perhaps the most related previous research are those iidiin a given threshold.
focus on estimating the performance of wireless networks.We define a network performance degradation measure
Gupta and Kumar first determine the capacity of wirelesgs a function ofX and X, to describe the impact, due to
networks [10]. Franceschettit al. close the gap betweenthe difference between the complete network information
the capacity upper and lower bounds in Gupta and Kumagsd its estimatiorX, on the network performance. The value
original results [11]. Zhang and Hou extend this work tef d, . (z,#) is a measure of the cost of estimatingas z,
networks with unlimited bandwidth [12]. Some researcheghere + and # are instances o and X, respectively. Let
analyze the impact of interference on multi-hop wirelesge functionO(z) represent the network performance when
network performance. Jakt al. use a conflict graph to modelthe collected network informatioX is equal toz, then
the wireless interference and compute upper and lower tound . .
on the network throughput [13]. Kodialam and Nandagopal dyx (2,%) = O (z) — O (%)
gnalyze the effect of interference on the achievable dadta ra SupposePy ¢ (z, &) is a joint probability onX andX, then
in wireless networks [14]. Kolar and Abu—Ghaza!eh stud_y thee average performance degradatioris given by,
performance of globally aware routing which is cognizant
of the wireless interference [15]. The scheduling effeats o D= ZZPxX (z,2)dy g (2,2)
wireless network performance have also been studied. Baret X X

et al. use a Markovian model to estimate the effects of The degradation threshol is specified as a maximum

scheduling on the throughput of CSMA channels [16]. Kolageraple value for the average degradationSo, there is a
and Abu-Ghazaleh evaluate the scheduling interaction$/emQ.qnstraint onP

. . . XX (SC, 55)'
several given links and analyze the scheduling effects on
network capacity [17]. S Pyx(@,@)dyg (z,8) <D
We observe that the wireless network capacity depends not X

only on the wireless interference or the scheduling algorijt Depending on the performance of interest, the degrada-

but also on the network information. However, previous r'®on measured... - (x,%) can be negative. For example, the

; ; ; XX \b : '
search on the capacity _Of wireless ne_tworks o_nly prOV|d_e§ aggradation measure will be negative when we are interested
upper bound on the achievable capacity under ideal constloin network delay or packet loss rate. In such cases, the

and ignores available network information_. In our prewo%egradation threshold, which should be non-positive, is
research, we have analyzed the effect of information on tg ecified as the minimum value f@», and the constraint on
performance of a particular scheduling algorithm [18]. In, (z,7) is

this paper, instead of focusing on a specific application, we®~
develop a general information-theoretic framework, wtiah Z Z Py (2,8)dy ¢ (x,8) > D!
be applied to any network, to study the effect of network T X

information on the network performance of any network

protocol. The mutual information betweeR and X is,

N . P
[1l. | NFORMATION-THEORETIC FRAMEWORK I (X7 X) = ZZPXX (z,2)log, Py

In this section, we build an information-theoretic frame-
work, W'.th Wh'Ch the quantitative relationship between the without loss of generality, we will assume the degradatioeasure is
network information and network performance can be formuen-negative and use the constrait< D in the rest of the paper.



TABLE |
RATE DISTORTIONTHEORY VS. OUR APPROACH

Rate Distortion Theory || Our Approach

Information source Complete network information
Distortion Network performance degradation
Minimum required code letters| Minimum required network information

Hence, we can get the minimum amount of required infoand Y; is the traffic information of the-th link obtained by
mation by minimizing (X, X) over all joint probabilities the controller. A
subject to the constraint tha < D, Based on the collected informatiolr™), the central
- controller performs scheduling according to the network
topology and a given scheduling algorithm. For any given
network topology and scheduling algorithm, there exists a
function Z which describes the relationship between the

R (D), known as the rate distortion function, is & loWegepeqyling result and the obtained network informatiort. Le
bound on the information required to guarantee that trg)e = (i,ys - yn) and y = (§1, 92, ,9y) be in-

network performance degradation is less than or equd).to stances ofY™ and ¥V respectively, andZ™ (y) —
R (D) can be obtained by solving the optimization problenﬂ(.Zl(y)’ZQ(y)’ ..., Zxn(Y)) represent the scheduling result

Suppose the network performance@swhen the complete g0 that the estimated informatiafi™) is equal toy, where
network information is obtained, then when collecting ne%(y) denotes the scheduling decision for theh link, i.e.

work information of R(D) bits, the network performance can

R(D)=  min_ I(X,X)
Py ¢ (x,2):D<D

achieveO — D. In the following sections, we will illustrate 7.0 = 1 link ¢ transmits;
this framework with wireless networks. i(y) = 0 link ¢ does not transmit.
IV. ANALYSIS OF WIRELESS NETWORKS Note that we can measure performance degradation using

_ . - different metrics, such as network throughput, transroissi

In this section, we will illustrate the framework by ana-Olelay packet loss rate, and so on. Here, we take the network
lyzing the effect of information for a wireless network Withthroué;hputG which is' defined as the :';\verage number of
a central controller. Suppose the central controller rast successful transmissions per time slot, as an exampleeTher

the topology of the network. The channel access protocol . ) o\
assumed to be Time Division Multiple Access (TDMA). Thegi'rﬁr,légeapsmerformance degradation meastifg, yv) (¥,¥) is

sender of each link informs the controller whether there is a

packet waiting to be sent on this link in each time slot. Then N N

the controller performs scheduling based on the obtairadfictr dyongon (V,Y) = Z Zi (Y) yi— Z Zi (Y)y: (1)
information, and distributes the scheduling results tontbdes. i=1 i=1

The first term on the right side of equation (1) is the number
of successful transmissions when the network informagion

In this part, we focus on the effect afaffic information s estimated correctly, and the second term is the achievabl
on wireless network performance. It does not mean thaétwork throughput when the informatigris estimated ag.

traffic information is the only required information. Theray SupposeP({V) (y,y) is a joint probability measure oY)
be some other information which also impacts the netwogkndY(N) th?ra the constraint OP(N)( ) is
performance. Here we make the assumption that the other ' vy oY) IS,

control information is obtained completely, and the aim of P (v 0V do o 0 < D
this assumption is to separate the effect of traffic inforamat D D Py (4 9) dyngon (¥:9) <

from other phenomena. In fact, we shall see in Section IV-B o . ] ] .
that the effect of any other information can be incorporatédld the minimum amount of required information per time

A. Effect of Traffic Information

Y(N) YV

into our model easily. slot is
Let N be the number of links in the network](") = . N SN
(Y1,Ya,---,Yy) be the complete traffic information, and R(D) = P(N)m}I}D<DI(Y( ), Y ))
YV = (¥3,Ys,---,Yn) be the estimated traffic informa- v O9DS
tion, whereY; indicates whether there is a packet waiting to Note that this result is based on the assumption that other
be sent on theé-th link, control information is completely obtained, and the “netkvo

information” mentioned here is the traffic information.
v — 1 link ¢ has a packet to send; Now we will study how the network throughput increases
*7 1 0 otherwise. with the traffic information by analyzing a simple “network”



1.0

oo SinceY; andY; are independent, and the messages are sent
Z *fjgg to the scheduler independently, we can get
g ol o p=0.l 2 . N .
s P (9:9) = Pri (1) Py, y, (31 ly1) Pra (2) Py, (2 [32)
§ 05 Suppose the transition probabiliti¢y, ;. (0(0) = «; and
“E 044[ PYJYw (1 |1) = ﬁi, then
CECEE R . )
FEE IR D=pg(2—az—f2) <D ()
0.1 N ‘\\ _
00 S ILEt Note thatD depends only oy, ;. . This is because accord-
0.00 005 0.10 015 020 0.25 2|2

ing to equation (2), the scheduling result is basedvonand

the information ofY; will not affect the network performance.
For simplicity, we use the functiod’ (p, o1, 02) to repre-

sent the mutual information between two random variables
and B, where the probability vector ofd is P, =

(?4PA (a1),Pa(a2)) = (1 —p,p), and the conditional transi-

Degradation Threshold D

Fig. 2. Minimum Required Traffic Information as Functions ofand p

consisting of two links. Although the network is simple an
perhaps unrealistic, it provides insight into the problemd
results of larger and more realistic networks can be deriv
by applying the same procedure.

It is assumed that the two links; and L, interfere with | (YQ,YQ) =1 (Yl,ffl) +1 (YQ,YQ) =F(p,az,B2) (4)
each other, i.e. only one link can be active in each time slot.
Otherwise, there will be collisions. Suppo¥g and Y, are ! zat =, : :
independent, identically-distributed variables whichida the tion function Z(D), which is shown in Figure 2. It is obvious
Bernoulli (p) distribution, i.e.Pr(Y; = 1) = Pr(Y, = 1) = that R(D) is nonincreasing with the degradation threshold
p, andPr(Y; =0) = Pr(Y, =0) = ¢. At each time slot, D- Whenp, which indicates the probability that there is a
the controller makes decision according to the followingacket on the link, is no more than 0.8(D) increases with
scheduling rules: D. Th.is is because the entropy of the_ information increa}ses

1) If V3 = 0, and¥; = 0, the time slot is assigned tb;. as p increases. _Note that this resu_lt is bas_ed on the given

2) If ; = 0, andYj — 1, the time slot is assigned tb. scheduling algorithm. If th_e scheduling glgorlth_m is chahg

3) If ; = 1, andYj = 0, the time slot is assigned tb; . the performance degradation measure will bg differentthed

4) If V; = 1, andY, = 1, the time slot is assigned tb,. tradeoff between network protocol information and network

o ) . performance may become different.
Therefore, the functio(®), which produces the scheduling
result, is defined as

tign probability vector isPg |4 = (P (b1 |a1), P (b2|az)) =
?o—l, o2). Then the quantity of transmitted information is

By solving the optimization problem, we get the rate distor-

B. Combined Effect of Traffic and Scheduling Information

Z® ((0,0)) = Z? ((1,0)) = (1,0) In this section, we consider the situation when there are mul
@) ’ @) ’ ’ tiple types of network information, and analyze the combine
Z=((0,1)) =2 ((1,1)) = (0,1) effect of the network information. We shall see any network
When Y # (0,0), if the traffic information is correctly information can be incorporated into our framework easily.
estimated, there will be one successful transmission i eac SUPPOSE the combined network information is denoted by
time slot; otherwise, the time slot may be assigned to a ik Let A denote the estimated combined network information.
which does not have any packets to send, thereby wastin§f ¥e desire to consider the effect of network informatia,

time slot and leading to performance degradation. Then the: = Xn, thenA = {X;, X5, ..., X, }. SupposeP; is a
degradation measurg, ., () is given by, joint probability on A and A, then the minimum amount of
¥ required information on\ is,

)

00 01 10 11 «y R(D)= min I(A f\)
00 [0 0 0 0 Pyy:D<D ’
[dyerge (¥.9)] = (1)(1) (1) (1) (1) (1) In Section IV-A, we assume that the scheduling decisions
are sent accurately to all the links. Now we will study
1 00 00 the combined effect ofraffic informationand scheduling
J/ informationto illustrate the approach introduced above.

As described in Section IV-A, the controller performs
scheduling based on the collected traffic information, and
informs the links the scheduling resdt”) by broadcasting.

Let A = {YN,ZV}, andA = {Yw)’z(m}, whereZ(™) —

So, the average performance degradation is

N § : (2) o o
D = P ) d 2)y(2 ) 2 5 5 . . ;
vy O Vdyaze (0,) (Zl,ZQ, . ,ZN) is the scheduling result estimated by the



links, andZ; represents the estimated scheduling decision for
the i-th link. If A = A, i.e. the complete traffic information
is obtained by the scheduler, and the scheduling result is
disseminated correctly, the network performance is optima
If A+ A, i.e. the traffic information is incorrectly estimated,
or the scheduling result obtained by the links is inaccuymate
both, there may be degradation of network performance.

Let z = (21,22, -+ ,2n) @nd 2 = (21, 22,--- ,2n) be in-
stances ofZ™) andZ®Y), respectively. Then the performance
degradation measure is

Required Information R(D) (bits)

20
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\
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\

144
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Degradation Threshold D
N

N
dai (yz,92) = Z Zi (Y) yi— Z 2y (5) Fig. 3. Minimum Required Combined Information as FunctiofsD andp
i=1 i=1

We still consider the network described in Section IV-A.
From equation (5), we can see that the performance degrada- . .
tion depends only on the complete traffic informatiprand ~ We have analyzed how network throughput varies with
the estimated scheduling resaltso the degradation measurévailable network information. It is obvious that the netwo
d, i (yz,y2) for the two-link network is, throughput improves when the scheduler collects more -infor
mation. However, we have not considered the overhead of
collecting network information. In fact, collecting infmation

V. ANALYSIS OF NET DATA RATE

01 10 «2
00 0 0 consumes bandwidth resource, which may affect the network
L . 01 0 1 data rate. More specifically, transmitting network infotina
[dya V2,92)] = [dyeze (¥,2)] = 0l 1 o0 diverts valuable bandwidth resource which may be used for
11 0 0 data transmissions, thereby reducing network data rate.
7 Since the network throughput, defined in Section IV, is the
y rate of transmitting all types of data (including the effeet
data and the network information), we need to find the net
Suppose Pr (2(2) —(0,1) \Z@) ~ 0 1)) ~ o and network data rate, i.e., the effective data that can be egarri
PP S T o over the network per time slot.

Pr (Z(2> =(1,0)]z® = (1,0)) = ), then the average per- Suppose the number of bits in each time slogidn each

formance degradation is time slot, R (D) bits is consumed to achieve a network data
rate of u (G, — D) bits per time slot. Therefore, the effective

D=pg((1=PB)A+B2(1—-60)+az(l1—X)+(1—-a)f) data transmitted in each time slot (i.e. the net data rate) is

and the objective is to minimize

I (A, A) -y (Y<2>, §z<2>) ny (2(2),2(2))

Gy = (G, — D) — R(D) bits/time slot (7)

It can be seen from (7) that whd®(D) becomes larger, i.e.
the scheduler gets more informatiqn]) decreases, but it is
uncertain whether the net network data ratg will increase
or not. A properly chosen information quantity can maximize
(4). Since the sample space @f* is {(0,1),(1,0)}, and the net network data rate, and it is not necessary that more
based on equation (2), we have network information leads to better network performance.

wherel (Y(2>, Y@)) = F (p, az, 32) as calculated in equation

Pr (Z(Q) = (0, 1)) =(1—a2)q+ Bop (6) VI. CONCLUSIONS AND FUTURE WORK

In this paper, we have developed an information-theoretic
framework to model the relationship between network infor-
mation and network performance, and the minimum quantity
of information required for a given network performance is
derived. Our proposed framework is generally applicable to

Figure 3 plots the corresponding rate distortion function f 5y network, to study the effect of network information oa th
I (AaA)' We can see that when= 0.5, it costs two bits per performance of any network protocol. As part of our future
time slot to achieve the optimal network throughput, whergork, we intend to consider the details of implementatiom a
one bit is for the traffic information and one bit is for th&o develop specific strategies that approximate the pedoom
scheduling information. limits derived in this work.

Hence,

I(AvA) = F(p7a2762) +F((1 _042)q+62p, Avo)
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