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Abstract- The establishment of the overall ob-
jectivesof a distributedsensor network is a dynamic
tasksothat it maysuf�cien tly well `track' its environ-
ment.Both resourceallocationto eachinput data�o w
andcongestion control at eachdecision node of such
a network mustbe performedin an integratedframe-
work such that they aresensitive to this dynamically
established overall objectives. In this paper, theeffec-
tivenessof a`per-�o w' virtual queuing framework that
decouplestheinput data�o wsto eachdecisionnode is
demonstrated. Under this framework, the buffer set-
point level of a decision node is established via the
control of setpoint levels of individual virtual buffers
assigned to eachsource node. Network calculus no-
tionsareutilizedto modeltheend-to-end �o w andde-
sign a simple yet effective feedback control law for
eachinput data�o w. The control strategy, while en-
abling satisfactory tracking of a dynamicallyallocated
buffer queue setpoint, is alsorobust against the time-
varying nature of network delays andbuffer depletion
rate.

I I NTRODUCTI ON

Distributedsensor networks (DSNs)utili zea vari-
ety of sensors that may be distributedlogically, spa-
tially, andgeographically. In a highly dynamicenvi-
ronment, the observed `scene,' andhence the overall
objectives, can change frequently and hence a DSN
requires a resource allocation andcongestion control
schemethat is sensitive to theoverall objectivesof the
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DSNandaccountsfor thefollowing concernsin anef-
fective manner[7, 11, 12]:

(a) time-varying(TV) network-induceddelays;
(b) inherent nonlinearities of the network suchas

buffer cutoff/saturation and limitations on the output
rateof eachnode;

(c) dynamicallocation of available bandwidth to
input data�o ws; and

(d) maintenanceof satisfactory buffer occupancy
levels at eachdecisionnode.

Strategiesthataddresssomeof theseconcernshave
appearedin the literature. For example,effective con-
gestion control strategiesbasedon conventional con-
trol theoretic techniquesarein [10, 8]. However, in a
highly dynamic environment, all theseconcerns must
be addressedin an integrated framework in order to
obtain satisfactory results.

Themodeling andcongestion controller design in
thework presentedherein utilizenotionsfrom network
calculus which is an alternatestrategy for determin-
istic analysis of networks. It usesthe concept of an
impulseresponsein acertainmin-plusalgebrato char-
acterize eachnetwork element thus providing a con-
venientmathematicalframework for maintaining QoS
guarantees [5]. In this paper, we extend and adapt
these notions for the purpose of resource allocation
andcongestioncontrol of DSNsoperating in a highly
dynamicenvironment. In particular, the TV nature of
network delays,source-noderatecutoff, anddynamic
allocation of buffer setpoints and depletion rates are
all accountedfor. Robustnessagainstthese constitute
themajorsigni�canceof theproposedcontrol strategy.
Thesimulation results demonstrateits effectivenessin
satisfactorily maintaining thebuffer levels.



This paperis organizedasfoll ows: in Section II,
a new `per-�o w' virtual queuing framework for analy-
sis of DSNs is presented; in SectionIII, the main no-
tionsandresults of min-plusalgebra andnetwork cal-
culus neededfor thepurposeat hand arepresented;in
SectionIV, a new controller strategy is derived using
network calculus approach; in SectionV, simulation
results areprovided to justify andclarify the notions
presented.

I I V I RTUAL PER-FL OW FRAM EWORK

A DSN CONFI GURATI ON

For simplicity andeaseof presentation,considera
hierarchically organizedDSNwith thefollowing node
layers [12]: sensor-nodesat thelowestlevel leaf-node
layer; sup-nodes at eachintermediatelevel supervi-
sory layers; andtheroot nodeat thehighestlevel. See
Fig. 1. Nodesat a given hierarchical level may com-
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Figure1: A treestructuredDSN.

municate with multiple sup-nodesat the next level.
This ensuresfault toleranceandadaptability. Informa-
tion receivedat eachsup-nodefrom its corresponding
sensor-nodesmustbe buffered for processingandex-
traction of informationat a higher abstractionlevel so
that it can then be passed onto the next hierarchical
level. This is onemajordifferencebetweenaDSNand
a conventional communicationnetwork wherethepri-
maryobjective is reliable transfer of informationfrom
asourceto its destination. Eachsup-nodeof aDSNhas
a processingbandwidth that is a re�ection of its data
processingspeed. Thislatterquantity canbelookedon
as the depletion rateof the sup-nodebuffer. Clearly,
to prevent datalossand improve performance, an ef-
fective resource management and congestion control
schemeis necessary.

B A V I RTUAL PER-FL OW QUEUI NG

FRAM EWORK

In a highly dynamic environment, therelevanceof
data from eachsensor-node, as perceived by its sup-
nodes,the quality of datafrom eachsensor-node,and
indeedthenumberof sensor-nodesin thenetwork are
all highly TV. Henceamechanismthatallowsnodesat
onehierarchical level to allocatesystem resourcesdy-
namically andtreateachsensor-nodedecoupled from
the others would be a convenient analytical tool. The
`per-�o w' virtual queuing framework in Fig. 2 ful�lls
theserequirementsthusrenderingthecontroller design
simpler. Here,a `virtual' buffer (which is not a phys-
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Figure2: `Per-�o w' virtual queuing framework.

ical entity) is assignedto eachvirtual circuit or �o w.
Datacellsfrom each�o w getsqueuedupin its ownvir-
tual buffer. Fig. 2 illustratesthesituation for

A

�o ws;
for BDC EGF

A

, HJI aresensor-nodes, KML<N areforwardde-
lays, KJO�N arebackwarddelays, PRQSI areratecontrollers
(locatedat thesup-node) thatdictatetheinstantaneous
ratefor eachsensor-node,and TVU

I arevirtual buffers.
The advantagesofferedby the per-�o w framework in
Fig. 2 are the following: (a) system resource alloca-
tion algorithm canbeseamlessly incorporatedby dis-
tributing available system bandwidth andbuffer level
setpoint to thesensor-nodes;(b) thedecoupling of the
�o wsmakestheanalysiseasier; (c) it is easier to incor-
poratedifferentdelaycharacteristicsandnonlinearities
that may reside in each loop; and (d) it can address
end-to-end congestionmanagement.

As will bedemonstrated later, this per-�o w frame-
work allows setpoint control of the sup-node buffer
by controlling the buffer level of eachof its virtual
buffers. It is ourcontention thatthebandwidthandvir-



tual buffer setpoint thesup-nodeallocatesto each�o w
mustbedeterminedby how important it perceivesthe
information from eachsensor-node is. For example,
the work in [12] utili zea suitably de�ned importance
measure for each�o w andallocatesvirtual buffer set-
points anddepletion ratesproportionally. This essen-
tially meansthat,even if the sup-nodebuffer setpoint
anddepletion rateareconstant,theresourcesallocated
to eachvirtual buffer can change signi�cantly espe-
cially whentheDSN is operating in a highly dynamic
environment wheretheimportanceof sensor-nodesare
highly dynamic aswell.

I I I NETWORK CAL CUL US

Network calculusis anelegantframework for anal-
ysisandmaintenanceof deterministic QoSguarantees
in packet switchednetworks[5, 9, 4].

A NOTATI ON

Let ��� and �

�

����� denotethenonnegative realsand
�

�	��
 respectively. We use � to denote the min-
operator. De�ne
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���-, F����/ 0" F213,54	6 " F��87-9;: (1)

Onemayview
'




asa generalizationof



via themap-
ping
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���-, F����

C=<

������>?,@� F for ,A4B6 " F��87C&



F otherwise.

(2)

When ���D"�� C�" ,



is denotedas

FE

; when
'

�����3F���� C

" FG1F� ,
'




is denoted as
'



E

. Given �H4




(or



E

), the
function obtainedvia (2) will bedenotedby

'

��4

'




(or
'


IE

). As an example,consider JK4


LE

and
'

JM4

'


IE

where

J.�����DC
<

" F for �DCN"O&



F otherwise

&

'

JP�-, F���� CQ<

JR���S>B,@� F for ,A4B6 " F��C78&



F otherwise:

(3)

B M I N-PL US AL GEBRA

De�nition 1 (Min-plus linearit y) [3] Thesystemop-
erator T��




��




�VU

��XW is said to be (min-plus)
linear if, (i) for any index set Y , T�6�Z\[^]�I�_a`cbdU Ie9a7 C

Z\[^] I�_a` bfTG6 U I 7-9 , 1gU I 4




, and (ii) TG6 h\iNU�7 Cjh\i

Tk6 Ul7�F�13h�4m�

�

�����

FS1gUn4




.

De�nition 2 (Min-plus convolution) Min-plus con-
volution (in �




F

'




� ) of Uo4




and
'

p

4

'




is de�nedas

�DU�q

'

p

�r����� CMZ\[^]

s

_ut

Ewv xzy

bdU{�-,@�Ii

'

p

�-, F����|9�:

Remarks:

1. For U}4




and
'

~

F

'

p

4

'




, it is easyto show that

���DU•q

'

~

�Oq

'

p

�r�����

C€Z�[^]

s

_ut

Ewv xzy-•

U‚�-,ƒ�ci�Z\[^]

„

_ut

s

v xzy

(

'

~

�-, F�…%�Vi

'

p

�D… F����d†�‡

2. Hencemin-plusconvolution (in �

'




F

'




� ) of
'

~

F

'

p

4

'




is takenas

�

'

~

q

'

p

�r�-, F����‰ˆKZ\[Š]

„

_�t

s

v xzy

(

'

~

�-, F�…%�Vi

'

p

�D… F����d†A:

Now therelationship �DU{q

'

~

�rq

'

p

C‹U{q!�

'

~

q

'

p

�

holds.

3. With De�nitio n 2 in mind, andusing the map-
ping (2), min-plus convolution (in �




F




� ) for
URF�ŒQ4




maybede�ned as

�DU•q•Œ\�r������ˆMZ\[Š]

s

_�t

Ewv xzy

bdU‚�-,@�ViŽŒ•���S>	,ƒ�|9�:

4. We use U••

I^‘ to denote the B -fold min-plus con-
volution of U with itself.

5. Elementsof



E

and
'



E

are referred to as pro-
cesses [5, 4]. Flows in a network, when they
represent the number of cells accumulateddur-
ing the time interval 6 " F��87 , canbedescribedvia
processes.

Min-plus convolution forms the basis for the fol-
lowing notions:



Theorem 1 (Impulse response) [3] For a given lin-
ear system TG6�� 7 , there exists a uniquefunction

'

p

4

'




,
referred to as its impulseresponse,s.t., for all input-
output pairs bdURF

W

9 F U F

W

4




,

W

����� C Tk6 U‚�����87 C Z\[^]

s

_

���

(%U‚�-,ƒ�Ii

'

p

�-, F����d† :

Unlessotherwise mentioned, we dealwith causal
systemsfor which Theorem 1 yields

W

�����DC TG6 U{�����87 C��DU•q

'

p

�r����� :

Thefollowing result will beusefullater.

Lemma 1 Consider theinput process 4


uE

to a buffer
which possessesa depletion rate

�

����� and depletion
process ŒP����� C��

x

„	�

E

�

�D…%�?4


IE

. Thenthe corre-
sponding output is W

����� C��DU•q

'

H�
 �r�����/4



E

where
'

H



�-, F���� C ŒP�����2>?Œ•�-,@�;4

'


IE

:

Proof: For causality, we clearly musthave

W

�����
�#U‚�-,ƒ�ci ŒP�����S>?Œ•�-,@� F213,54	6 " F��87 :

This, together with the fact that W

����� CjŒ•����� F 1F��4

��� , yield

W

�����DCMZ\[^]

s

_�t

Ewv xzy

b U‚�-,ƒ�ciŽŒ•�����2>•Œ•�-,ƒ�|9 :

This provestheclaim. �

Remark: Lemma1 imply that, for input processesin

IE

,
'

H



4

'


 E

canbeconsidered the`impulseresponse'
of a buffer with depletion process ŒQ4



E

.

De�nition 3 The�ow
'

P€4

'




(or P)4




) is said to be
'

�

-constrained if
'

P �-, F������ �

'

P q

'

�

�r�-, F���� F•1c,m4 6 " F��C7

(or P\������� ��PBq

'

�

�r�-, F���� F‰13,54	6 " F��87 ).

Theabovede�nitio nsprovidethefollowing impor-
tantresult:

Theorem 2 (Backlog bound theorem) Considera
'

�

-
cons-trained, but otherwise arbitrary, input U 4




to a network element with impulseresponse
'

H 4

'




.
Then the backlog of the network elementde�ned as

U{�����2>

W

����� is guaranteedto beboundedby U*4




if
'

�

�-, F����
�

'

H!�-, F����Ii U\����� F213, 4B6 " F��87 .

Proof: Note that U‚������� �DU0q

'

�

�r����� and
'

�

�-, F������

'

H!�-, F����Ii U\����� F213, 4B6 " F��87 , imply that

U{�����
� Z\[Š]

s

_�t

Ewv xzy

( U‚�-,@�Vi

'

�

�-, F���� †

� Z\[Š]

s

_�t

Ewv xzy

(FU‚�-,@�Vi

'

H!�-, F����ci U\�����d†

CMZ\[Š]

s

_�t

Ewv xzy

( U‚�-,@�Vi

'

H!�-, F���� † i U\�����

C

W

�����ci U\����� F

wherewe usedtherelationship W

�����DC��DU�q

'

H‰�r����� . �

Remark: It is easyto show that,if
'

H#4

'


IE

, theequal-
ity in theproof above will beachieved,viz., theback-
log canbemadeequal (not only bounded)to U�4




.

De�nition 4 (Closure) [3] Theclosureoperator T�� of
the operator T is T

�
��� � CM[^]��wb��
F�Tk��� � F�T

•��

‘

��� � Fa:a:a:f9 ;
the closure

'

���	4

'


 E

of a function
'

� 4

'




is
'

��� C

[^]��wb

'

J F

'

� F

'

�‚•��

‘

Fa:a:a:d9 , where
'

JP�-, F����;4

'



E

is asin (3).

Remark: Note that the closure is necessarily an ele-
mentof

'


IE

.

De�nition 5 (Subadditivity) A function
'

~

4

'




is said
to besubadditive if

'

~

�-, F������

'

~

�-, F�…%�Vi

'

~

�D… F���� F�1g…•4?6�, F��C7 :

Thefollowing propertiescanbeeasily established:

Theorem 3

(i) For arbitrary
'

~

4

'




,
'

~

� is subadditive.

(ii) If
'

~

4

'




is subadditive, then
'

~

q

'

~

C

'

~

and
'

~

�
C

'

~

.

Theorem 4 If � 4




is
'

�

� -constrained, thenit is
'

�

-
cons-trainedaswell.

Proof: Since � is
'

�

� -constrained, we have ���������

�D�	q

'

�

�
�r����� , viz.,

��������� Z\[^]

s

_ut

Ewv xzy

(%���-,@�Vi

'

�

�

�-, F����d†A:

Now usethefactthat
'

�

���

'

�

F212�-, F���� :

��������� Z\[^]

s

_ut

Ewv xzy

(
���-,@�Vi

'

�

�-, F����
†

:

Hence� is
'

�

-constrained aswell. �



Theorem 5 (Departure process constraint) Theout-
put of a linear networkelementwith impulse response

'

�

� 4

'


IE

is
'

�

-constrained.

Proof: Let U F

W

4




denote the input andoutput of
thenetwork elementrespectively. Then

W

q

'

�

�

CNU•q

'

�

�

q

'

�

�

CNU�q

'

�

�

C

W

:

HenceW in
'

�

� -constrained. Now apply Theorem4 to
prove theclaim. �

I V V I RTUAL PER-FL OW CONGESTI ON

CONTROL

A I M PUL SE RESPONSES OF NETWORK DEL AY

EL EM ENTS

Perhaps the �rst study of the types of TV delays
thatmayoccurin a network andtheir systemtheoretic
modelsin a discrete-timesetting appearedin [6]. Fur-
ther work appear in [11] and [7]; a continuous-time
analysis is in [2].

Theunderlying `sampling unit time' is denotedby
�

. This corresponds to the rateat which the sensor-
noderateis computed by the discrete-timecontroller.
All delays arethereforenonnegative integer multiples
of

�

.

A.1 FORWARD DELAY ELEMENT

Forwarddelay K LL����� is experiencedby thecell �o w
from a sensor-node to a sup-node(seeFig. 2). If URF

W

4



E

denote, respectively, theaccumulatednumberof
cells arriving and leaving the forward delay element
during thetimeinterval 6 " F��C7 , theinput/outputrelation-
shipof a forwarddelay element canbedescribedvia

W

����� CNU‚����> K LO������� F

where the characteristics of K LL����� (in particular, re-
strictions on how it may vary from one time instant
to the other) aredescribed in detail in [6, 7, 11]. We
do not provide thesedetails herebecausethey arenot
very crucial for theresults presentedin this paper. On
the other hand, what is important realizeis that, from
Theorem1, theimpulse responseof theforward delay
element canbefound as

'

H���� �-, F����DC=<

" F if �S>	, C K L%����� &



F otherwise:

(4)

Observe that
'

H����.4

'




and W

����� CQ�DUBq

'

H���� �r����� . The
minimum and maximum possible values of the for-
warddelayaredenotedby K

L

and K L respectively.

A.2 BACKWARD DELAY ELEMENT

We assumethat feedbackinformation, sentfrom a
sup-nodeto a sensor-node, is carried by control cells
that areperiodically (in termsof the numberof cells)
insertedinto the datastream1. The backward delayis
henceexperiencedby control cellsonly (seeFig.2). In
thispaper, whatis being fedback is takento bethepro-
cess information, viz., the informationcarried by con-
trol cells indicatetheaccumulatednumber of cells the
virtual controller wantsthe sensor-node to have sent
within theduration 6 " F��C7 . This is a departure from the
usual practicewherethecontrol informationis thede-
sired sensor-node rate. Although either is a simply a
matterof choice, the approachtaken in this paperal-
lows us to model the control �o w and other related
�o ws as elements of




which requires nonnegativity
(see(1)). As before,if U F

W

4



E

denote,respectively,
the accumulatednumberof cells arriving andleaving
the backward delay element during the time interval

6 " F��C7 , its input/output relationship canbedescribedvia

W

����� C‹U{����> K Oa������� F

where K Of����� denotes the time differencebetween the
time instancethe control information is ready andthe
instanceit arrivesat thesensor-node. We assumethat,
if nocontrol cell is receivedduring ���r> EGF��C7 , thesensor-
node will assumecongestionin thedata �o w path and
stop sending datauntil it receivesa new control cell.
Hence, thecharacteristicsof K Of����� areidentical to those
of K L%����� [6, 7, 11]. As before, theimpulse responseof
thebackwarddelay element is

'

H���� �-, F���� CQ<

" F if �2>B, C K Oa�����r&



F otherwise:

(5)

Observe that
'

H��
�

4

'




and W

����� C �DU	q

'

H��
�

�r����� . The
minimum andmaximumpossible valuesof the back-
warddelayaredenotedby K

O

and K O respectively.
Wealsoidentify two types of roundtrip delays:

�

L C K LL�����Vi K Oa���S> K LL������� &

�

O C K Of�����Vi K LO���S> K Of������� :

1In ATM networks,RM cellsplay this role.



Also,
�

ˆ K

L

i K

O

and
�

ˆ K L�i K O .

A single loop in the virtual framework in Fig. 2
is depictedin Fig. 3; the forwarddelay, virtual buffer,
and backward delay network elements are identi�ed
via their impulseresponses

'

H�� � 4

'




,
'

H 
 4

'


IE

, and
'

H�����4

'




respectively.

�

�

�

�����

�

���

�

�

���
	

� � ��
 �

�

�




�

� ����� ��� � �������

� ����� �������

Figure3: A single loop of theper-�o w framework.

In Fig. 3, UM4


IE

is the input cell �o w process
of the sensor-node, � F��

 

4


IE

arethe datacell �o w
processesfrom sensor-nodeto sup-nodebeforeandaf-
ter experiencing thecorresponding forwarddelay, and

W

4


IE

is the output cell �o w processof the virtual
buffer at sup-node. Of course, this latter processis
identical to thedepletionprocessŒQ4


�E

of thevirtual
buffer. Thecontrol informationis carried in Q , P , and

P

 

. Thesearenecessarily processes;P F�P

 

4




arethe
control cell �o wsfrom sup-nodeto sensor-nodebefore
andafterexperiencingthecorrespondingbackwardde-
lay, and Q 4




is the control commandwhich, when
added to thevirtual buffer output processW

4


@E

, in-
dicates accumulatednumberof cells the virtual con-
troller wantsthe sensor-node to have sentwithin the
duration 6 " F��87 .

B CONTROL OBJECTI VE

Our control objective is to ensure that the virtual
buffer backlog �

 

>

W

C �

 

> Œ remains at a dy-
namically assignedsetpoint level U�4




. With theim-
pulse response

'

H



4

'


IE

of thevirtual buffer andThe-
orem2 in hand, we mayensure this if thearrival pro-
cess�

 

4


 E

canbeconstrainedby
'

�

where
'

�

�-, F����
�

'

H�
!�-, F����ui U\����� F‰13, 4B6 " F��C7 . To proceed,we�rst need
theimpulseresponseof thethrottle node(indicatedby

� in Fig. 3).

B.1 IMPULSE RESPONSE OF THROTTLE NODE

Notethat

�

 

CN�Bq

'

H�� ��&

W

C‹�

 

q

'

H 
 &

P C

W

i Q C

W

q

'

p

& P

 

C P?q

'

H � ��F

where
'

p

4

'




is givenby

'

p

�-, F����DC€<

Q\����� F for , CN� &


 F otherwise:

Hence

P

 

C��D�	q

'

H�� � q

'

H 
 i Q � q

'

H � �

C‹�Bq

'

H����2q

'

H 
 q

'

p

q H���� CN�Bq

'

H"!$#%#'& F

where
'

H"!$#%#'&Bˆ

'

H�����q

'

H



q

'

p

q

'

H���� 4

'




. Then the
output process of thesensor-nodeis

� C P

 

�RU C��D�Bq

'

H"!$#�#'& �V�•U : (6)

Thesolution to this canbeobtained via the following
result:

Lemma 2 If

Q������)(#Œ•���Vi

�

�S>?Œ•����� F21g�  > K O F (7)

then � CQUŽq

'

H �

!$#%#'&

is the unique solution of (6) and

hence
'

H �

!$#�#'&

is theimpulseresponseof thethrottle node.

Proof: UseLemma8 of [1]: if

[Š]��

*

v +-,

s/.0*1.

+

.

x

'

H"!$#�#'&L�32 F'4 �5(#" F213,A4B6 " F��C7�F (8)

then U q

'

H
�

6�787:9 is the unique solution of (6). Let us
proceedasfoll ows:

�

'

H�� �Sq

'

H



�r�-, F����DC Z\[^]

„

_ut

s

v xzy

(

'

H�� �u�-, F�…%�Vi

'

H



�D… F����d†

C

'

H



�-,;i K LO��;��-,@��� F����

CNŒ•�����2>•Œ•�-,;i K LL��;��-,@��� F

where ;��-,@� is the maximumsolution of the equation
…k> K LO�D…%�DC‹, for agiven ,A4?6 " F��C7 . In arriving at this,



we have used(4) andthe fact that Œ 4


�E

is nonde-
creasing. Now it is fairly straight-forwardto obtain an
expressionfor

'

H"!$#%#'& :
'

H"!$#%#'&RC��

'

H�� �Sq

'

H 
 �Oq

'

H����Si Q?q

'

H����

C

'

H 
 �-,/i K LL��;��-,@��� F��2> K Of�������Vi Q\���2> K Oa�������

CNŒ•���2> K Oa�������2>?Œ•�-,/i K LO��;��-,@�����

i Q\���2> K Of������� F (9)

wherewehaveused(5). Hence,to ensure(8), weneed

Q����S> K Oa�������5(#Œ•�-,;i K LO��;��-,@�����2>?Œ•���S> K Oa������� F

for all ,R4 6 " F��C7 . Again noting that Œ 4


OE

is nonde-
creasing, a corresponding suf�cie nt condition is

Q����S> K Oa�������5(#Œ•���ci K LO��;��-,@�����2>?Œ•���S> K Of������� F

for all ,‚4Ž6 " F��87 . Changing thevariable ��> K Of����� , it is
easyto seethat (7) is indeeda suf�cie nt condition for
this to betrue. �

C DERI VATI ON OF THE CONTROL STRATEGY

As elaboratedupon in SectionB, if we desire to
keepthevirtual buffer level boundedby U�4




, its ar-
rival process �

 

4


 E

should be
'

�

-constrainedwhere
'

�

�-, F���� �

'

H�
��-, F����!i U\����� Fm1c,N4 6 " F��C7 . As Theo-
rem 5 implies, we canensure this if �

 

is the output
processof a network elementwith impulse response

'

�

� , viz., �

 

C U q

'

�

� . But, we already know that
�

 

CNU\q

'

H �

!$#%#'&

q

'

H���� . Hence, to implementthecontrol
strategy, a suf�cien t condition is

'

�

�

C

'

H

�

!$#�#'&

q

'

H�����: (10)

Theremainder of this section is dedicatedto establish-
ing theconditionsrequired to solve this for

'

�

.

C.1 AN UPPER BOUND ON CONTROL FLOW

Lemma 3 If

Q\�����; #Œ•���ci

�

�2>?Œ•����� F21F�; > K O3F (11)

then
'

H"!$#%#'& is subadditive.

Proof: Use(9) to show thefoll owing:
'

H"!$#�#'&L�-, F�…%�Vi

'

H !$#%#'&L�D… F�����>

'

H"!$#%#'&O�-, F����

C Q\�D…\> K Of�D…%���2>?Œ•�D… i K LL��;��D…%�����

iŽŒ•�D… > K Of�D…%��� F for arbitrary … 4?6�, F��87 :

Now apply De�nition 5:
'

H !$#%#'& is subadditive if f, 13… 4

6�, F��87 ,

Q��D… > K Of�D…%���/ 0ŒP�D… i K LL��;��D…%������>?Œ•�D… > K Oa�D…%��� :

Change the variable …•> K Of�D…%� andtake into account
the fact that Œ 4


gE

is nondecreasing to establish the
claim. �

Lemma 4 If

Q\�����; #Œ•���ci

�

i K L��S>BŒP����� F21F�; >

�

F (12)

then
'

H �

!$#�#'&

q

'

H ��� is subadditive.

Proof: Since(12) implies (11), from Lemma3,
'

H !$#%#'&

is subadditive, andtherefore,
'

H �

!$#�#'&

C

'

H !$#%#'& . We then
have
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!$#%#'&

q

'

H
�
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'

H"!$#%#'&�q

'
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� C

'

H"!$#%#'&O�-, F��2> K LL������� :

Now applyDe�nitio n 5:
'

H �

!$#%#'&

q

'

H���� is subadditive if,
1g…•4B6�, F��C7 ,

Q\�D… >

�

LO�D…%���/ 0ŒP�D… i K LL��;��D…%������>?Œ•�D… >

�

LO�D…%��� :

Change the variable …•>

�

LO�D…%� andtake into account
the fact that Œ 4


gE

is nondecreasing to establish the
claim. �

In summary, Lemmas3 and4 provide conditions
on thecontrol �o w Q������ sothat

'

H !$#%#'& and
'

H �

!$#%#'&

�

'

H ���

aresubadditive,respectively. A suf�cient condition for
both these quantities to be subadditive is (12). The
latter condition however maynot imply (7) unlesswe
imposethefoll owing upper bound on thecontrol �o w:

Q\�����)(#Œ•���ci

�

i K L��S>BŒP����� F21F�; >

�

: (13)

Lemma 5 Supposethe control �ow QK4

�
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'
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This completestheproof. �



C.2 A LOWER BOUND ON CONTROL FLOW

Now, with (13) true, there remainsonly onemore
condition to keepthevirtual buffer level at thedynam-
ically assignedsetpoint U�4




:

Lemma 6 If (13) is true and

Q\�����
�#Œ•���fi
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�ƒ>5Œ•�����ai U\���fi
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� F21F�/ >
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F (14)
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Proof: Lemma5 impliesthat
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We alsohave
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'

H�� �r�-, F����DC
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��-,/i K LO��;��-,@��� F���>
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LO�������
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�

LO�������2>?Œ•�-,/i K LO��;��-,@����� :

Hence,noting that ŒQ4



E

is nondecreasing, we have
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H����2q

'

H��|���

'

H�� F21c,54B6 " F��C7 :

Therefore, 13, 4B6 " F��C7 ,
'

�

C��

'

H"!$#%#'&�q

'

H���� �r�-, F������

'

H��d�-, F����ci Q��d����� :

Hence,a suf�cien t condition for
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�-, F���� �
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�-, F����Ii

U\����� , 13,54B6 " F��C7 , to bevalid is
'
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�-, F����Vi U������ F�13,54B6 " F��C7 :

Substitutefrom (15):
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LO�������
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LO�������Fi U\����� F21F�/ #" :

Changethe variable ��>

�

LO����� and take into account
the fact that Œ 4


gE

is nondecreasing to establish the
claim. �

C.3 CONTROL STRATEGY

In summary, to implement our control objective of
keeping the virtual buffer level at the dynamically es-
tablishedsetpoint U 4




, we combine(13) and(14):
For all �; >

�

,

ŒP���Vi
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i K L��2>?Œ•�����
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Q\�������#Œ•���Vi
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� F

Hencethetotal feedbackprocessP C Q i
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: (16)

This of courserequiresthefollowing constraint on the
setpoint dynamics:

U\���Ii
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�)(#Œ•���ci
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i K L���>?Œ•���3i

�

� F21F�; >

�

:

(17)
Assuming (17)to betrue,supposeweadopt thecontrol
strategy

P\����� CNŒ•���ci

�

�Vi U����ci

�

� F21F�; >

�

:

With this strategy, theratewith which thesensor-node
is requiredto senddatais
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����� C P\�����2> P\���2> Ed�
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���Ii
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�Ii��O���ci
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� F21F�; >
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where Œ•�����DC
�
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„ �
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�

�D…%� and U������ C
�

x

„ �

E

�O�D…%� .
We may study the effect of sensor rate cutoff on

thiscontrol strategy asfoll ows: Suppose �

�

�

�����
�

� .
Then(18) providesboundson thedynamicsof thevir-
tual buffer setpoint thatguaranteessuccessin thecon-
trol objectiveof keeping thebuffer level atthesetpoint:

�

>

�

�����
�	�O�����
�

�

>

�

����� F21g�; >

�

i

�

: (19)

For example, suppose U\����� is decreasedso that �O�����

moves beyond the left handlimit of (19). Thereare
essentially two waysthe sensor-node can`accommo-
date' this: an increaseddepletion rate of its virtual
buffer and/or a decreasedrateat which it cantransmit
data. If thedepletionrateis heldconstant andthesen-
sorrate`hits' its minimum � , thecontrol strategyabove
will fail. Theonly solution available is to temporarily
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Figure4: Simulationresults.

stopthesensor-nodefrom transmittingaltogether; this
maybeimplementedby holding thecontrol command

P\����� constantuntil virtual buffer level goes down to
the desired setpoint at the depletion ratecurrently al-
locatedto it. Oncethis is achieved,thecontrol law in
(16) canberesumed.

In essence,the dynamicsof the virtual buffer set-
point should, whenever possible, be con�ned to (19).
Whenthis is true, usethecontrol law in (16):

(a) When(19) is violated from the left hand side,
hold the feedback control commandconstant at the
current valueuntil thebuffer level reachesthedesired
setpoint.

(b) When(19) is violatedfrom theright handside,
onerunstherisk of anover�owing buffer anddataloss.

The above strategy also takes careof a situation
whentheconstraint on setpoint dynamicsin (17) may
beviolatedif, for example, the setpoint experiencesa
signi�cant decreasewhile thedepletion rateis low.

V SI M UL AT I ON RESULTS AND

CONCL USI ON

To illustratetheeffectivenessof theproposedcon-
trol strategy, severalsimulationswereperformed.Vir-
tualper-�o w framework enablessetpoint control of the
bottleneckbuffer via thesetpoint control of eachof the
virtual buffers. Hence,thecontrollersmaybeindepen-
dently designed for eachvirtual buffer; Fig. 4 shows
the performanceof only onesuchvirtual buffer. The
major parametersusedin this simulation—buffer set-

point level trajectory, TV forward and backward de-
lays, andthe TV depletion rate—are shownin Fig. 4.
Theunderlying samplingunit time

�

of thesimulation
is Ea" ms,andasonecanobserve from Fig. 4, we have
used thevalues

b�K

L

F K Lu9 C}b�K

O

F K O|9 C}b�� F Ea"u9�&

b

�

F

�

9 C}b�� F��@"u9 units:

Weassumethatthis informationis available;in aDSN
environment,it is alsoreasonableto assumethat infor-
mation regarding the depletion rateallocatedto each
virtual buffer is available to the the virtual controller
especially whenthelatter is located at thesup-nodeit-
self wherethe bandwidth allocation decision is being
made[12].

The simulation results clearly illustrate the effec-
tivenessof the proposedcontrol strategy; it maintains
tight buffer level control in thepresenceof TV delays
andbuffer depletion rate. It is these robustnessprop-
ertiesthat renderthework in this paper signi�cant. In
thesimulation in Fig. 4, theincreasein buffer setpoint
command doesnotviolate(19)while its decreasedoes.
Correspondingly, noticehow thebuffer level faithfully
foll owstheincrease,while it is noticeably`sluggish' at
thedecreaseandhow thefeedbackcontrol �o w is held
constantuntil thebuffer level `meets'thesetpoint; also
note the fact that the sensor ratecommandis reduced
to zeroduring this time period.
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