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ABSTRACT OF THE DISSERTATION
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We consider adaptive sessions using closed loop window based flow control in or-
der to avail of excess bandwidth. To model service guarantees for adaptive ses-
sions. we present a framework based on an adaptive service guarantee. We analvze
the behavior of closed loop window based flow control and present some perfor-
mance bounds. Vital to the flow control mechanism utilizing excess bandwidth
are scheduling algorithms that allow the use of excess bandwidth without leading
to unbounded maximum delay. We present an element called the elastic requla-
tor. which in conjunction with a scheduling algorithm synthesized to guarantee a

service curve, is capable of providing adaptive service guarantees.
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Chapter 1

Introduction

This dissertation is a study of performance issues for adaptive sessions in
integrated services networks. Specifically. we consider providing service guarantees
to adaptive applications which utilize excess bandwidth when it is available. In
order to avail of excess bandwidth. these sessions require a feedback mechanism.
We consider closed loop window based flow control. a method known to provide
throughput guarantees [16] while potentially allowing for full utilization of link
bandwidth.

In high speed integrated services networks. closed loop window based
flow control may be an efficient protocol for delay tolerant applications. while still
providing a pre-negotiated level of service. Closed loop window based flow control
[4] can directly eliminate the possibility of buffer overflow in a network by relving
on feedback. It has the potential for providing statistical multiplexing of user
sessions. and to avail of excess bandwidth in the network. In reality. networks
with large bandwidth delay products may require large window sizes for a window
based flow control protocol, and so it has been proposed that closed loop window
based flow control be used for delay tolerant applications (e.g. Available Bit Rate
(ABR) traffic. file transfers. email, web browsing), utilizing bandwidth that would
otherwise go unused by the network.

We consider the unicast session as depicted in Figure 1.1. In this example,
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Figure 1.1: A unicast session with window flow control.

the session originates at a source and traverses two routers before terminating at
the destination host. The router at the first hop returns acknowledgments for
each packet received back to the source. Similarly. the router at the second hop
returns acknowledgements back to the first router. and the destination returns
acknowledgements back to the second router. All three hops use windows of size I}
to control the number of unacknowledged packets. i.e. hop-by-hop window based
flow control. In order for the source to obtain a pre-negotiated level of service. each
router must allocate buffers to prevent packet loss. and guarantee access to link
bandwidth through the operation of a scheduling mechanism. Thus. a scheduling
algorithm that is capable of providing service guarantees while allowing the use of
excess bandwidth is of interest.

Service guarantees for window flow control have previously been obtained
in (13. 2. 6], in terms of a service curve [10. 2. 21, 5. 12]. A service curve describes a
non-probabilistic characterization of service provided by a network element. which
implies a throughput guarantee. Upper bounds on delay for a window flow control
protocol can then be obtained if the arrival traffic is constrained by an envelope.
as in the mathematical framework proposed by Cruz [7. 8]. However. if the traffic
generated by an adaptive application is constrained by an envelope. it may be
unable to utilize excess bandwidth offered by the network. Thus, if an adaptive
application wishes to utilize excess bandwidth. it may be impossible to guarantee
any upper bound on maximum delay, using the concept of a service curve.

In this thesis, we develop a new mathematical framework for obtaining
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both delay and throughput guarantees, that can be applied to such adaptive appli-
cations. We propose a new “adaptive service guarantee.” that implies throughput
guarantees as well as delav guarantees. without requiring arrival traffic to be con-
strained by an envelope. We shall present composition results. which vield adap-
tive service guarantees for end-to-end systems whose components themselves are
described in terms of adaptive service guarantees. In particular. we shall derive
adaptive service guarantees provided by window flow control protocols. We shall
also present a new scheduling policy that is capable of providing adaptive service
guarantees to sessions that share a fixed capacity server.

In the remainder of this chapter. we review some of the network calculus
developed in [7. 8, 21. 10. 2. 3. 6. 12], including the the concept of a service curve.
We review some of our previous work for a closed loop window flow control model.
In addition, we discuss a scheduling algorithm which synthesizes service curve
guarantees (21, 22. 10. 11]. which forms the basis for our new scheduling policy
that provides adaptive service guarantees.

In Chapter 2. we present the new adaptive service definition. and the
associated network calculus. Here. we will obtain adaptive service guarantees
for window flow control protocols. which imply upper bounds on delay as well
as throughput guarantees. Also. in this chapter. we present the new scheduling
algorithm that provides adaptive service guarantees.

We conclude the thesis in Chapter 3 with a brief discussion of possible

future directions for research.

1.1 Review of the Network Calculus

In this subsection, we state some well known terminology. definitions.

notation and performance bounds.

7 Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.1.1 Terminology

Consider a network element. where R,, is the arrival process to the net-
work element and R,,; is the departure process. We define a process as a function
of time R(t), where R is a mapping from real numbers into the extended non-
negative real numbers. i.e. R: R — R + U{+2c}. All processes are assumed to
be non-decreasing and right continuous. We will often refer to causal processes.
which by definition are processes that are identically zero for all negative time.

The backlog of the network element is defined as the amount of traffic

stored in the network element. The backlog at time t is B(t) where
B(t) = Rin(t) - Rout(t) .

assuming that the network is empty at time 0. We say that a network element has
positive backlog at time ¢t if B(t) > 0 at time ¢.
Now suppose we have a network element that serves data in the same
order that it arrives. For a packet arriving at time ¢ and departing at time ¢ + d.
clearly we have R, (t + d) > R;,(t). The virtual delay of this packet at time ¢ is
d(t), where
d(t) =inf{A : A > 0and Ryt + ) > Rin(t)} .

1.1.2 Service Curves

In order to define a service guarantee. we first need to define the convo-
lution. Given two processes. .4 and B, the convolution of A and B. defined to be

the function 4 * B : R — R U {+oc}. is such that for all ¢
AxB(t) = inf {A(r)+ B(t-7)} .

[t is easy to verify that A = B is a process, i.e. it is non-decreasing and right
continuous. Moreover, if 4 and B are causal, then A% B is causal. We now discuss

a graphical interpretation of the convolution as illustrated in Figure 1.2.
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Figure 1.2: Graphical representation of convolution A x B.

For a fixed value of 7. the graph of A(r) + B(t — ) versus ¢ is obtained
from the graph of B(t) by horizontally shifting it by an amount 7 and vertically
shifting it by an amount A4(7). Essentiallv. we translate the graph of B(t) by
moving the origin of the graph onto the point (7. A(7)). By taking the pointwise
minimum of all such translations of the graph of B onto the graph of A. we obtain
the convolution. This is illustrated graphically in Figure 1.2.

It can be shown that the convolution is commutative(i.e. AxB = Bx 1)
and associative (i.e. (A * B)*C = 4 (B * C)). Furthermore. the convolution
is distributive pointwise. i.e. A * (BAC) = (4« B)A (4 *C), where BAC is
the pointwise minimum of B and C. Similarly. the pointwise maximum of B and
C is BVv C. Often. we will use the notation [4]*. the pointwise maximum of A
and 0. i.e. [A]" = 4V 0 = max{4.0}. The identity element. d. of the convolution
satisfles R *0 = 0 * R = R and can be defined as

5(t) = 0 .forallt <0
+oc .forallt>0
We then define a “delay shift” element as d4(¢) = 0(t — d). Note that 4 *dg(¢) =

A(t — d) for any process A.

Definition 1 (Minimum Service Curve [2] [5] [21]): Suppose S is a process. A

network element is said to guarantee (deliver) a minimum service curve of S if for
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all arrival processes R;,. the departure process of the network element satisfies

RoutZRin*S-

Definition 2 (Mazimum Service Curve [12]): Suppose S is a process. A network
element is said to guarantee (deliver) a maximum service curve of S if for all arrival

processes R;,. the departure process of the network element satisfies
Rout S Rm * S .

We define a service curve element [1] with minimum service curve S (max-
imum service curve S) as a network element guaranteeing minimum service curve

S (maximum service curve S).

1.1.3 Envelopes

A process E is said to be an envelope for the process R if for all 7 < ¢
we have R(t) — R(t) < E(¢t — 7). or equivalently R < R« E. The concept of an
envelope was proposed and developed in [7].

If E is an envelope for R then £ A4 is a causal envelope for R. since any
process R is non-decreasing. If E is a causal envelope. note that £ < 4. and hence
R+E < R«6 = R. Thus. if E is a causal envelope for R. then R = R*xE. A process
E is said to be sub-additive if for all t.7 € R we have E(7) + E(t — 1) > E(t).
Thus. if E is a sub-additive process. then E * E > E. We will often assume that
envelopes are sub-additive.

In this paper we will often refer to a network element called a regulator
and so for completeness it is defined here. The departure process R, of a regulator

with causal sub-additive envelope E and arrival process R;, is defined to be R,,, =

R, * E. and it satisfies the following conditions:
R1. FE is an envelope for Roy. i.e. Royy < Roue * E.

R2. Rou < Rin.
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R3. R, is the (pointwise) maximal function satisfving R1 and R2.

We now define deconvolution which is used later in the paper. Given two
processes A and B, where B is causal. it is useful to consider the smallest process
F such that A(t + 1) — B(7) < F(t) for all t.7 € R. The smallest such process is

clearly given by FF = 4 Q@ B, where

A@ B(t) =sup{A(t + 1) - B(7)}.

reR
It can be shown that A @ B is the smallest process F such that FF x B > 4. For

this reason. we call 4 @ B the deconvolution of A and B.

1.1.4 Performance Bounds

We consider a network element with arrival process R;, and departure
process R,,;. We will assume that E is an envelope for the arrival process R,,,. and
that the network element guarantees the minimum and maximum service curves
S and S. respectively. The results of this subsection appeared in [2]. [3]. [21]. [12],
and in an earlier form in [10].

Under these conditions, we state a bound on the delay through the net-
work element. Let d,,.r be the maximum horizontal distance between £ and S.
In other words. dm, is how far the graph of E must be shifted to the right so that

it lies below S:

dmar *=1inf{d:d >0. Exd, < S}. (1.1)
It is easy to verify that £ x4y, < S. Figure 1.3 is an example illustrating dp,q;.
Theorem 3 (Delay Bound): Given a service curve element with minimum service

curve S. if the arrival traffic has envelope E. then the virtual delay is upper

bounded by dp,:-

The performance bounds on delay for end-to-end guaranteed service for a
session with n service curves in tandem can easily be determine using the following

composition rule.
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Figure 1.3: The worst case delay

Proposition 4 (Composition Rule [10]): Suppose a traffic stream passes through
n service curve elements in series. where the i** element has minimum service curve
S; and maximum service curve S;. i = 1.2....n. Then the entire svstem is a service
curve element with minimum and maximum service curves S; * S, * --- x S, and

S *Sy%---x§,, respectively.

1.2 Previous Results for Window Based Flow Control

In order to avail of excess bandwidth, a session needs feedback and should
not be impeded by regulation within the network. We consider adaptive service
where network resources are reserved to provide a minimum bandwidth guarantee
while preventing buffer overflow. Window flow control is used as a mechanism
for utilizing excess bandwidth in the network in addition to insuring no buffer
overflow.

Recalling Figure 1.1, flowing through a few routers, we can first consider

the single hop case. Thus. we have the two network element model guaranteeing
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Source Throttle N{ Destination
A
Rxn(t) R(v) j Rout(t)
S ) s
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R
W R
§ Network Element

N,
E(t) -
L— =

S

Figure 1.4: A single hop with window flow control

minimum service curves S; and S, respectively. as depicted in Figure 1.4. Window
flow control is modeled through a network element called a throttle. which is con-
trolled by a throttle process. In particular. a throttle receives traffic from an ar-
rival process. say R;, and releases the traffic according to the departure process
R= RinAN(B+W), where B+11" is the throttle process which controls the throttle.

We shall assume that the window process is bounded below by positive

constant Wm,,,.l.e. we have
W (t) > wmun. for all t.

In Figure 1.4. the output of the first network element is the destination of the
session and is called the departure process R,,. The departure process R, is
also fed back to the throttle via network element \N,, corresponding to acknowl-
edgements. The network element .V, can be viewed as a model for delay. such as

propagation delay in the return of acknowledgements to the throttle.

Theorem 5 (Closed Loop Minimum Service Curve [1] ): Suppose we have arrival
process R,, entering a throttle followed by a tandem of network elements .V, and
V.. In addition, network element .V, departure process F is fed back and added

to the window process W resulting in throttle process F + W. If network ele-
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Figure 1.5: An n-hop session with hop-by-hop window flow control.

ments .V, and .V, guarantee minimum service curves S, and S,. respectively. and

W (t) > wmn for all ¢, then

Rout(t) Z Rin * S‘(t) .

where

S*=81«A (G + Wnin )™ .

G = S xS,. and (G + wpn )™ is the m-fold convolution of G + wm., with itself.
e.g. (G + wmn)V = G + wmn, (G + wmin)'® = (G + Wmin) * (G + Wmin). and so

on, and we define (G + wpiy ) =4.

Consider the system depicted in Figure 1.5. which models a network that
employs hop-by-hop window flow control. In particular. at each hop a throttle is
used. and the throttle is controlled by the departure process from the router at
the next hop. The router at hop ¢ is modeled by a service curve element with
minimum service curve S;. We assume that the departure process of the router
at hop ¢ encounters a fixed propagation delay df, before reaching the throttle at
hop ¢ + 1. Similarly, acknowledgments generated by the departure process of the
router at hop i + 1 encounter a fixed propagation delay of dg, before reaching the
throttle at hop i. The throttle at hop i uses the window process IV}, where we
assume that 0 < w™™ < Wi(t). Suppose w™" > sup,.g {Gi(t) — G * Gi(t — dr,)}.
where G; = S; * S;,| * o’dF‘ for all i. Under this condition. it can be shown that the

end-to-end minimum service curve is 84, * S; * Sy * - - - x S, where dp = 77 df,
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is the total forward propagation delay.

1.3 Previous work in Service Curve Scheduling

There has been significant progress in the analysis of scheduling algo-
rithms for integrated service networks to support deterministic guaranteed service
sessions. The use of a service curve! to study generalized processor sharing (GPS)
also known as “fair queueing” (3], was first introduced by Parekh and Gallager
[18. 19, 20]. The idea of using a service curve as a general characterization of a
scheduling policy was proposed by Cruz [9]. and refined in [10].

In general. given a minimum service curve S. it is possible to synthesize
a scheduling algorithm so that a server guarantees the service curve S to a given
traffic stream. This philosophy is taken in [21] [22] [23]. and is closely related to
the “Earliest Deadline First” (EDF) scheduling policies considered in [15] and [17].

The following Theorem from [11]. states that the “so-called” SCED (Ser-
vice Curve Earliest Deadline first) scheduling algorithm is capable of guaranteeing
a minimum service curve for any session served by the server provided sufficient

bandwidth is allocated.

Theorem 6 (Bandwidth allocation condition [11]): Consider a set of .V sessions
sharing a fixed rate server with a transmission capacity of ¢ bits per second. If

each session 7 has envelope E;. and
N
z E;*S;(r) <cr.forall z >0.
J=1

then it is possible to schedule packets such that the server delivers minimum service

curve S; for arrival session :. where

Si(t) = [Si(t = L/e) = L]* .

and L is the maximum length in bits of a packet.

' The service curve presented by Parekh and Gallager is some what different in definition to this paper.
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1.4 Discussion

As alluded to earlier in this chapter. Theorem 5 implies a minimum band-
width guarantee for a session using window flow control to avail of excess band-
width. However, in this mathematical framework. in order to obtain an upper
bound on packet delay through the network. an envelope for the arrival process
is required. The assumption of an envelope defeats the purpose of using window
flow control to avail of excess bandwidth. since the envelope limits the maximum
throughput of a session. Thus. with this framework, an adaptive session that avails
of excess bandwidth must sacrifice a guarantee of bounded delay. [t would there-
fore be desired to provide a bound on packet delay for a closed loop window flow
control session without the assumption of an envelope for the arrival traffic. We

present a framework for obtaining such a method in the following chapter.

1.5 Notes and Related Work

The results in Section 1.2, and collaboration with R. Agrawal and R.
Rajan. has led to this dissertation work. The Theorem discussed in Section 1.2 is
similar to the work of Hahne [16], who was apparently the first to present rigorous
mathematical bounds for window flow control. although Hahne required lower
bounds on traffic. Similar results to Theorem 5 were obtained concurrently by
Cruz & Okino (13|, Chang [6], and Agrawal & Rajan [2], although in all previous
works. the window size was fixed constant.

In some related work [14]. we presented a slightly different model with
Jjoint scheduling and window flow control. where arriving packets at a server are
first scheduled based on an earliest deadline algorithm and then eligibility of the
packet to be served is based on the window flow control protocol. Although this
method of coupling the flow control mechanism and the scheduling makes for an
interesting academic problem. similar results are more easily obtained by decou-

pling the scheduling and the flow control mechanism [2], a technique apparently
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recognized by Zhang and Ferrari [24] for open loop rate based flow control.
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Chapter 2

Adaptive Service Guarantees

In this chapter. we propose an ~adaptive” service guarantee. present some
performance bounds for a single network element. and then obtain performance
bounds for closed loop window based flow control. We present a network element
that is similar to the previously defined regulator. but this new network element
allows excess traffic to be served. We conclude with a scheduling algorithm capable

of delivering our proposed service guarantee.

2.1 Adaptive Sessions Network Calculus

In this section. we study the flow of traffic through network elements. We
propose a service guarantee which is a function of both the arrival process and the
departure process. We obtain bounds on delay and point out some relevance to the
Generalized Processor Sharing(GPS) algorithm. We then present the composition

rule as a method for obtaining end-to-end performance bounds.
2.1.1 Adaptive Service Guarantees

Definition 7 (Adaptive Service Guarantee): Given a network element with ar-

rival process R;, and departure process Ro,. Let S be a causal process. We say

14
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that the network element adaptively guarantees S. if for all s < ¢ there holds

Roue(t) > {Roue(s —+—St—s}/\ lnf {R,,,T )+ S(t-1)} . (2.1)

Ti>T

If (2.1) holds for all s < ¢. then we write. as a shorthand notation.
Rin—(S)—=Rout -

Since R;, is a causal. non-decreasing function. for any € > 0. we have R,,(—¢) = 0.
Since Ryu(t) < Rin(t) for any t. we have R,,(—€¢) = 0. Thus. for any € > 0. if we

set s = —e in (2.1) and since S is causal. we have

Rowe(t) {Rmt(—€)+5(t+e)}/\ 1nf ARu(r )+ S(t—1)}

v

= {S(t+e}A :mf {Rin(T +S(t—r)}
= rlriff{R‘" )+ S(t—1)} A t;nt; ({Rm )+ S(t—7)}

= 1nf {R,,, )+ St —71)}
= an *-S(t)*

and so Rin—(S5)— Row implies a minimum service curve S.

We now introduce a slightly more general adaptive service guarantee:

Definition 8 (Refined Adaptive Service Guarantee): Given a network element with
arrival process R,, and departure process R,,. Let S and S be causal processes
such that S > S. We say that the network element adaptively guarantees (S. S).

if for all s < ¢t there holds

Rout(t) > {Rowt(s) + S(t — )} A inf {Rin(7) +S(t — 1)} . (2.2)

TIH>TD>S

In this context. S is called a partial service curve and S is called an absolute service

curve. [f (2.2) holds for all s < t. then we write. as a shorthand notation.
Rin—(S.S)>Rour .

If we let S = S in Definition 8 we get Definition 7. In general. since we

assume that S > S. then Rin—(S. S)—= R,y implies Rin— —(S )—>R,m¢
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2.1.2 Performance Bounds

We begin this section by deriving a lower bound on the amount of traffic
delivered over an interval and then show a closely related result of upper bound on
virtual delay in terms of the backlog. The virtual delay bound is useful for adaptive
applications since it does not require the arrival process to be constrained by an

envelope.

Proposition 9: Suppose Ri,—(S)— R,y.. and the network element has a backlog

at time s < t such that B(s) > S(t — s). Then Rou(t) — Roue(s) > S(t — s).

Proof of Proposition 9: Fix s < ¢. [t is sufficient to show that the second term
on the right hand side of (2.1) is lower bounded by the first term on the right hand

side when B(s) > S(t — s). We have

v
D
2

inf {Rin(u)+ S(t — u)}

uit>u>s

IV

X

g

=

+

2
|

For all z. define the “pseudo inverse” of S. S~! according to
S™Hx) =inf{y:y>0.5(y) > r} .

Using the right continuity of S. it follows that $(S~!(z)) > r for all r.
We now state a closely related proposition in terms of a virtual delay

bound.

Proposition 10 (Delay bound from backlog): If Rin—(S)— Rou:. then the virtual
delay at time ¢, d(t), is upper bounded according to d(t) < S~(B(t)).

Proof of Proposition 10: Fix ¢t. It suffices to show that R, (t + 5‘“(B(t))) >
Rin(t). Since t < t + S~Y(B(t)) =: A(¢). using (2.1) and the right continuity of S.

we have

Rout(A(t)) > {Rouw(t) + S(A(t) —8)} A inf  {Rin(7) + S(A®t) — 7)}

A>Tt
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2 {Rou(t) + B(t)} A T:A(if)’gm{R‘"(T) +S(A(t) - 1)}
2 {Rou(t) + B(t)} A Rin(t)

Rin(t) .
u

Note that the result above can be simplified to an upper bound on delay
for all time given a fixed upper bound on the backlog. Thus. if B(t) < B, for
all ¢. then d(t) < dmq; for all t. where dpyz = S™'(Bomaz)-

2.1.3 Relevance to Generalized Processor Sharing Server

We now consider the traffic flow of a session served by a GPS server
(18]. [19], [20]. We assume there are .V sessions. labeled j = 1.2.---..V. that are
shared by the server. which has a capacity of ¢ bits per second. The arrival and
departure process for session j are denoted by R.,; and Ry ,. respectively. The
weight assigned to session j is ©;. and we assume that Z}V:l 0; = c. By definition.
under GPS. for any session i having positive backlog over any interval (7.t]. the
amount of traffic served for session ¢ over the interval is lower bounded by o;(t — 7).

Specifically. if B;(u) > 0 for all u € (r.t]. then

Ro—ut.i(t) - Rout.x(T) 2 O,’(t - T) . (23)
Let
o;r .forr>0
Lo (L) = Jforalli=1.2,---.V.
0 else

Proposition 11: Suppose that session i is served by a GPS server. i.e. for any
interval (7, t] where B;(u) > 0 for u € (7.t], (2.3) holds. Then we have R;,;—
(Ko,) ™ Routi-

Proof of Proposition 11: Fix s < t. choose session i. and let s* be the last time

that the buffer was empty for session ¢, i.e.

s* =sup{u:u <t Biu) =0} .
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Suppose s* < s. Then since s < t and B;(u) > 0 for u € (s.t]. we have
Routi(t) — Rouei(s) > oyt — )
= o, (t—3) .

Now suppose that s* € (s.t|. Consider first. the case Bj(s*) = 0. Then since s* < ¢

and s < s*, we have

Rout.z(t) > Rout,z(s') + Oi(t - 5.)
= Rm.l(s.) + Oi(t - S.)
= Rini(s7) + o, (t = 57)

> inf {Rin.t(r) + .Uo.(t - T)} .

= ri>r>s
[t remains to consider the case where the B;(s*) # 0. By the definition of s*. if
€ is an arbitrarily small positive number such that s* — ¢ > s, there exists a u*
such that B;(u*) = 0 and s* > u® > 5" — € > 5. Since Roye.(s*) > Roue,(u*) =

Rini(u”) 2 Rini(s® — €). we have

Ruealt) 2 Ruaals") + 0t = 5
> Ruils” =) 40t =)
> jnf (Ruu(n) 4ot —u -0}
= 0 {(Ruulu) + ot - u)} - 0.

2.1.4 Fixed Propagation Delay Element

Proposition 12: Consider a fixed delay element with arrival process R;, and de-
parture process R, with delay d > 0, i.e. Ry, (t) = Rin(t — d) for all £. We have
lzin_}((sd)’—)Rout-

Proof of Proposition 12: Fix s <t Ift — s < d. then

Rout(t) — Rour(s) 2 0= da(t —s) .
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Ift —s>d>0. then since Roy(t) = Rin(t — d) = Rin * d4(t). we have

Rout(t) = Rip * d4(2)
= | inf {Rin(7) +d4(t - 7)}
= rgggt{R.-n T) +da(t — 7)}
= ';n} {Rin(7) +84(t = 7)} A inf {Rin(7) + d4(t — 7)}

TIHDTDS

= mf {Rm(r ) +dq(t —7)} .

Ti>T

2.1.5 Composition Rule

We consider a tandem series of n network elements.

Theorem 13 (Composition of Adaptive Service Guarantees): Suppose for

¢t =1.---.n. we have
R._,—(S,,S.)—R; .
Then
Ro—(Si % Sy % -+ % 5,.G)> Ry

where G = (§, *S-z*-'-*5,1)/\(52*Sg*---*Sn)A---A(S',,_l «S)AS, .eg. for
n =2 we have G = (S) * Sa) A S». Moreover. if S, > S; for all i. then this implies
that Ry—(S| * Sa % -+ % S0, Sy # Sy - % Sp)oR, .

Proof of Theorem 13: We prove the Theorem for the case n = 2. The general
case can then be proved by induction on n. Fix s < t. Since Ry—(S,.S:)— R,

and R[—)(S-_). 52)—>R2. then

Ry(t) > {Rz( +So - }/\ 1nf {R +S')(t—T)}
> {Ra(s) + Sy(t — s) }/\”1;1}' s{{R s) + S (1 — 5) }/\“glf)s{RQ

+ ST —u)} + St - 7)}
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= {Ry(s) + Sa(t —s)} A inf {Ry(s) + Si(7 — 3) + Sa(t — 7)}

TID>T2S

A inf inf {Ro(u) + Si(r —u) + St — 7)}

TH2T>s wr>u>
> {R’) +52(t—3}/\ lIlf {Rz +S[(T—S +52(t—'7'}
A r:zlgnrfgs l”glf {Ro u) + Si(t —u) + Sa(t — 7)}

> {Ra(s) + ((S1 *S2) A So)(t —s)} A inf inf {Ro(u

THOTSS  uiT2u>s

+ S (r—u)+Sa(t—7)}

v

{Rg(b‘) + ((51 * 52) A 52)“ - S)} A r:tiglrf>s u: TI§£>S{R0
+ Sy % So(t — u)}
= {Ra(s) + ((S1 * Sa) A So)(t = )} A u:g{gs{Ro(u)

+ S[ * Sg(t - u)} . (24)

Thus. Rg—(S; * S,. ((51 * So) A S’g))——)R-_). [t remains to show that this implies
Ro—(S) % S,. (51*52))—>R2. Using (2.4). it is sufficient to show that (5’1 *Sg)/\gf_» >
S, * S». Since S, > S, for i = 1.2. we have

(S1%Sa)A S > (S1+S)AS,
= 51*5‘2.

O

2.2 Adaptive Service Guarantee for networks with Feed-

back

In previous papers [13],[6], [2]. the only method (within the mathemati-
cal framework) for obtaining bounds on delay for closed loop window based flow
control protocols required the use of an access regulator as defined in Chapter 1.
Unfortunately, using an access regulator in combination with window based flow
control could result in a session under-utilizing its window based flow control link.
thus defeating the purpose of using window flow control for adaptive sessions. In

the previous section, Proposition 10 implies that we can obtain an upper bound
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Source Throttle N1 Destination
A
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‘ (5,.5))
W(t)
N Networbllc Element
sl
F(1) '

(5.5
Figure 2.1: A single hop with window flow control

on virtual delay based on backlog but independent of an envelope for the arrival
process. With the introduction of the adaptive service guarantee. we are motivated
to revisit closed loop window based flow control in order to obtain virtual delay
bounds without an explicit envelope constraint.

Consider the closed loop window based flow control model of network
element .V, and network element .V, depicted in Figure 2.1. Window flow control
is performed by a network element called a throttle where the throttle departure
process is the pointwise minimum of the arrival process and the throttle control
process. Specifically. let R,, be the arrival process to the throttle. R be the de-
parture process from the throttle. and F' + 1V" be the throttle control process. The
throttle has an input queue for the arrival process and a server which is subject
to window based flow control. enforcing the throttle to release traffic according to

the minimum of the arrival process and the throttle control process F + 11", i.e.

R(t) = Rin(t) A{F(t)+W(t)}.

for all t. Clearly, the departure process R never exceeds the throttle control process
and thus will buffer packets from the arrival process only as necessary to meet this

constraint.

The throttle departure process R enters network element V; and departs
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having departure process R,,:. In our model, the departure process R, is our
destination. but is also fed back to the throttle corresponding to acknowledge-
ments. The departure process R, enters network element .V, and departs having
departure process F which is added to the “process” W resulting in the throttle
process F + 11", We assume that F + I1” is a process. i.e. it is non-decreasing.
However. 11" is not a process. i.e. it is possible for 11" to be decreasing. We have
not described the behavior of 11" and it is bevond the scope of this paper. How-
ever. it is reasonable to visualize an algorithm where 1" would decrease allowing
other sessions to utilize needed buffer capacity while still insuring that F + 1§ is
non-decreasing, and when the network is not congested, V" could increase.

We now present a new adaptive service definition by conditioning the

service guarantee over an interval.

Definition 14 (Adaptive Service Guarantee over an interval): Given a network el-
ement with arrival process R,, and departure process R,. Let S and S be causal
processes such that S > S. We say a network element adaptively guarantees (S. S)

over [s*.t"]. if for all s.¢ € [s*.¢"] and s < t we have

[RV]
(V1]
~—

Rout(t) 2 {Rout(s) + S(t — 5)} A odf {Rin(u) + S(t —u)} . (2.
If (2.5) holds for all s.t € [s*.¢*] and s < t. then we write. as a shorthand notation.

Rin—)(Sf S‘)[s'.t']_)Rout

[t is easy to show the following composition rule over the interval [s*, ¢*]

with a proof similar to Theorem 13.

Theorem 15 (Composition of Adaptive Service Guarantees over an interval):

Suppose for i =1,---, n, we have
Riy—(S.. Si) g ar >R -
Then

Roy—(Sy # Sa % -+ % Sp, Qg po1— R
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where G = (S, *Sa - - -*Sn)A(S'g*Sg*---*S,,)/\--~/\(5',,_l*5n)/\5',, . Moreover. if
Si > S; for all 7, then this implies that Ry—(S;*Sy*- - -#S,, S % Sax- - -85 ) (e 01—
R, .

We now recall the two network element model. Figure 2.1. Before stating
the Closed Loop Adaptive Service Guarantee Theorem. we have the following
assumption and notation.

Assume that the window process W' (u) for all u € [s*.¢*] is upper and

lower bounded such that

Wmaz > W(U) > W 20 (2.6)
Let
57- = [/\::0[5: * S(n) + nu-'mzn] + wmm - wmax]+ M
St o= AlS™ + nwma] -

where [z]* = min{r.0}. S = S, x S5, S = S| A (51 * S,). S© = 4. and for any

function g. ¢!V = g+ g*---g is the n** fold convolution.
S——_——r

Theorem 16 (Closed Loop Adaptive Service Guarantee): Suppose R = RaA(F+
11°). (2.6) holds over interval [s*. t*]. 1:1’—+(51. 5’1)[5-1.}—-)1201,, and Ry —(Ss. 52){5-1-]—)
F . Then

Rin=(S1 * S1. 57)s+ 421~ Roue -
To prove this theorem. we use the following useful lemma.
Lemma 17: Suppose R = Ry, A (F + W), (2.6) holds, R—>(51.§[)[5-_¢-]—>th

and thﬁ(Sg,gg)[,-'t-]—)F . Given s,t € [s".t"] such that s < ¢, there holds

Roult) 2 {Roue(s) +Sr(t = $)} A_inf {Ria(r) + S+ Sr(t — 7))}

A inf {Roue(f) + ST (t — &) + mwpmn} - (2.7)
t:t>t>s
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Proof of Lemma 17: We use induction to prove this lemma. First. we show (2.7)
for n = 1. Choose s.t € [s*.t*] arbitrarily such that s < ¢. Using R—(5,.5)—
Rout. Rout—(S2.53)—=F. W > W from (2.6). and finally that § = S, A (S, = S5).

we have

Rout(t) > {Rou(s)+ Si(t—s)}A . nf, {R(r) + Su(t = 1)}
= {Rou(s)+ Si(t —s)} A inf {Rin(7) + Si(t — 1)}

TiI>T>S

A daf {(F(r)+ W () + Si(t - 1)}

TiH>T

> {Rou(s +Sl t-'b)}/\ mf {R,,, )+ Si(t—1)}
AN{F(s)+ S, = So(t — s) + Wmin} A 1__ti§1f> { Roue(T)
+S(t—7)+ wnin}

= {Row(s) +Si(t —s)} A A8 (Rin(r) + Su(t = 7))
A{F(s) + W(s) = W(s)+ Sy * Sa(t — 5) + Won }

A ugluf {Rout(u) + S(t — u) + Woun}

> {Roul(s +Slt—s}/\ inf {R,.(7)+ Si(t—1)}

THDT2S

A {Rout(s) + [Sl * 5‘.’.(t - '5) + Wmin — U—'ma:]}

A inf {Roue(u) + S(t — u) + woin }

uit>u>s
> {Rouls [S(t = 8) + Wrun — Wmaz)} A tx)nf {Rin(7)
+Sit=7)}A lnf {Rmt )+ S(t— u) + Wrunt - (2.8)

ut>u

Since Roui(t) > Roue(s), recognize that

Rowe(t) 2> {Row(s)} A inf {Ri(7)+S1(t —7)}A inf {Rou(u

THUDTDS u:t>u>s
+ S(t — u) + Woun} - (2.9)

Using (2.8) . (2.9). and the property (a Ac) V (bAc) = (aV b) A c. we have

Roue(t) > {Roue(s) V {Roue(s) + [S(t = 5) + Wmin — Wmacl}} A _inf {Rin(r

THOT2S

+S1(t =)} A nf {Roue(u) + S(t = u) + wmin)

= {Rou(s) +[S(t = 5) + Whin — Wmaz) T} A inf {Rin(7)

THOT>S
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(3]

+Si(t—1)} A uglf {Roue(u) + S(t — u) + wmin}
> {Rou(s) +Sr(t —s)} A ,lnf NBin(7) + S1(t —7)}

AL glf {Rout(u) + S(t — u) + Wrnn } (2.10)
> {Rou(s) + Sr(t —s)} A ”glrf”{Rm + S« Sr(t—1)}

A mf {R,,u, (u) + S(t — u) + wnin} - (2.11)

uit>u
which is (2.7) for m = 1.
Before proceeding with the induction. we prove that for any n > 1. we
have

S™ % St + nwmn > St . (2.12)

Using the definition of Sr. the property that ax (bVc) > (a*b) V (a *c). and
S > S. we have

S« Sr 4+ nwmyn > max{/\j‘:OS' * SYUT 4 jwnin] + Woun — Winar. 0}
+ NWmin
= (A0S *SYV 4+ (j+ n)wmin] + Wonin ~ Winar}
V {nwmin}

> Sr.

We now assume that (2.7) holds for m = n and show that this implies that it holds

for m = n + 1. Suppose

Rout(t) < {Rout(s) + S7(t — s)} A _inf {Rin(7) + Sy #Sp(t —7)} . (2.13)

THDT>S

Then. using (2.13). the induction hypothesis. (2.10) with ¢t = {. and finally (2.12).

we have

Rowe(t) > inf {Rou(f) + S™(t — ) + nwmm}
tt>t>s

> inf {{Rou(s) +S7(f—=3s)}A inf {Rin(7)+ Si(f~7)}

tt>t>s T t>7'>s
A inf {Rmt(u) + S(t — u) + wmm} + S(")( t) + n_’wmm}

ut>u >s
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> {Roue(s) + S™ « Sr(t — 8) + nwmin} A inf {R,,,(T

- Ti>T>

+ S *S™ x (t = 1) + nwpn} A inf  {Roue(u)
uit>u>s

+ S VG —w)y+ (n+ 1) Wmun}

v

{Roue(s) + Sr(t —s)} A inf {Rin(7) + S+ S7(t — 1)}

TiE>T>

A tl;lf {Rouwe(u) + S"D(t — u) + (n+ Dwmin} - (2.14)

and so we have proven (2.7) for m = n + 1 under the condition (2.13).
Recognize that (2.7) holds trivially if (2.13) does not hold. and we are

done.

O
Proof of Theorem 16: Fix s.t € {s*.t*] such that s < t. We know that R,,(t)

is bounded. i.e. there exists an integer m such that
Rout(t) < MUmn - (21’3)

Choose m > i in Lemma 17. Then (2.15) implies that the last term on
the right hand side of (2.7) is greater than R,,, and hence can be omitted.
O
Let

kmin = sup{S(t) — S« S(t)} v sup{Si(t) — S\ = S(t)} . (2.16)

teR teR

Corollary 18: Suppose R—(Si. S1)js+.e|— Roue and Royt—(Sa. S2) (- 41— F . hold.

If 1V is constant over the interval [s*. t"], and is greater than or equal to k;,. then

Rtn ( )[s l]'_)Rout .

Proof of Corollary 18: Fix s.t such that s.¢t € [s*.t*] and s < t. Using Theorem
16 where Wmar = Wmin = kmin Over the interval [s*.¢*]. it remains to show that
Sr=Sand $,*Sr =5, .

Recognize that the definition of k., implies that S « (S + kmin) > S and

Sy * (S + kmin) > S1. Now, using the definition of 5'7-. we have

ST = (/\’310=0[Sv * S(n) + n'wmin] + Wnin — U—’ma.t)

-+
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/\zczo[g xS 4 NWmin]
= SA[S*(S+knun)] A[S*(S + kmin)P]A---

= S.
Similarly. we have

S1*St = S;#(AZ4[S™ + nwnun))
= Sy % (AZ5[S™ + nkmu))
= AZ[S1* S™ + nkmn]
= SIA[S1*(S+ kmun)] A[S1 * (S + krun) P A -
= 5.

O

Remark 19: Theorem 16 in conjunction with Proposition 10 imply that it is
possible to avail of excess bandwidth (using closed loop flow control) and obtain
adaptive service guarantees provided network elements with adaptive guarantees

exist.

Proposition 11 demonstrated existence of network elements as described in Remark
19. We later show in Corollary 28 in Section 2.4 that a network element scheduling

packets in an earliest deadline fashion also holds for the above remark.

2.2.1 Hop-by-Hop Window Flow Control

Consider the system depicted in Figure 2.2, which models a network that
employs hop-by-hop window flow control. In particular. at each hop a throttle is
used, and the throttle is controlled by the departure process from the router at the

next hop. The router at hop i is modeled by

R—(Gi,G;)—R, .
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Source delay d delay d Destination
e delay d F
R . Router [R' Y FIR Router 2 Y4, Router n-1 ~s  Router nR'
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F, = Fa
delay d
delay d R delay d R, elay R,

Figure 2.2: An n-hop session with hop-by-hop window flow control.

where R; is the departure process of throttle i and R; is the departure process of
the network element modeling the router at hop i. For simplicity of exposition®.
we assume that the departure process of the router at hop i encounters a fixed

propagation delay ds, before reaching the throttle at hop i + 1. i.e.
R§—>(6dﬂ . z)'dpl )—)R,‘.H

Similarly. acknowledgements generated by the departure process of the router at
hop ¢ + 1 encounter a fixed propagation delay of dg, before reaching the throttle

at hop ¢. i.e.
R:?[%(ddn‘. (5de )—-)F,

The throttle at hop ¢ uses the window process I}, where we assume that H;(¢) >
Kmin., which we define below. We analvze the svstem by exploiting the robustness
of service curve definitions. and again by lumping network elements using Theorem
13.

Note that the throttle at hop i is contained in the cycle of elements which
determine the throttle process at hop i—1. Thus, in order to determine an adaptive
service guarantee for the throttle at hop i — 1, we must first determine an adaptive
service guarantee for the throttle at hop 7. Since there is no throttle at the last
hop, we may analyze the throttle at hop n — 1 using the same method we used to

analyze the simple cycle in Figure 2.1. Once an adaptive service guarantee for the

"\More elabarate models can easily be handled.
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throttle at hop n — 1 is determined. we can incorporate that into the analysis of
the throttle at hop n — 2. By continuing in this manner. we may determine the
service curves for each of the throttles. and then use Theorem 13 to determine the
end-to-end adaptive service guarantee.

Suppose we let S; = G; * G| * o‘dﬂ and S; = (Gi * o’dﬂ) A (Sie1 * G *

Odp, * o"de ).foralli <n-1and S, =G,. Similar to equation (2.16). define

kmins = sup{S;(t) — Si = Si(t — dr,)} V sup{S.(t) — S, * Si(t — dr,)} .

telR telR

By following the procedure outlined above. if for all i < n and over the interval
[s=.t*]. all window sizes are constant. and k.., < I;(¢). it follows that the end-
to-end partial service curve is identical to that obtained with no throttles present.
The absolute service curve can be obtained in the same manner but with precise
application of the composition rule. Following the previous close loop example. we
have

Ry _1—(Sn-1.5:-1)—R,, .

For all : < n. let

H,-={GiA(Gi+l*Gi*ddﬂ*'dR.)A”'A(G"*Gn—I*'”*Gi*dz (dp +dRJ))}'

k
J-_’
Along the lines of the above description computation based on the previous hop.

we get for i < n — 1. we have

Ri—(G.. Hy)sr -1 —R; .
For the previous hop. we have
Rio1—(Gioy * 0y _ - f{i—l){s-.rl—)& .

Note that the absolute service curve at the i —1-th hop does not incur an additional
delay dF.-l .
By applying the composition rule for n — 1 network elements in tandem.

and using G; > G; for all i, we have
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Ri—=(Gi*xGa*-- -Gy *Gp * 54,6'1 * éz * és L én—l * én * 54)[3-.t-]—>R:, :

where d = 2! dr, and d = $""!(df, + dg,).

Ezample 20 (Minimum Service Guarantee versus Adaptive Service Guarantee):
Consider Figure 2.3, a four hop adaptive session using hop-by-hop window flow
control where the arrival process is R;. Each router is a latency rate server such
that. for each hop :. the router has latency d; and serves packets at rate u. The
output of each router ; < 4 incurs a propagation delay dr before reaching the i +1
router(corresponding to the input of throttle i + 1). Similarly. acknowledgements
are fed back from each router 1 < i < 4 to the i — 1 router throttle but first incur a
propagation delay dg. The fourth router is not subject to window flow control and
has departure process R). Using the minimum service curve definition from Chap-
ter 1, for each router i. we have minimum service curve Sp;n.(r) = p(zr — d;)7 for
all r. Using the adaptive service guarantee, for each router :. the absolute service
curve S; is equal to the partial service curve S;. Moreover. for each router. the
partial service curve is equal to the minimum service curve. i.e. for each . we have
Si(z) = Si(z) = Smina(z) = u(r — d;)* for all r. If the window sizes are constant

over the interval [s*.¢*]. and for all i. ¥\ (¢) > Kkmun.i. where
kming = pu(di +divy +drp +dg) .
then we have an end-to-end minimum service curve of Sy,;,. where
Smin(x) =plz —d, —dy —d3 — dy — 3dr)™ .
and
Ri—(S. S5 1= R
where the end-to-end partial service curve is

S(r) = Spun(z) = p(z —dy —dy — d3 — dy — 3dF)+ :
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Source " delay d Destination
Router [ delay dF Router 2 delay dF Router 3 F Router 4
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delay d, delayd, delay d,

Figure 2.3: A four hop adaptive session with hop-by-hop window flow control

and the end-to-end absolute service curve is

S(I) =p(r —d, ~dy —d3 ~d; — 3dr — 3d1{)+ .

Finally. suppose that the source adapts to the feedback. such that the backlog
in the first throttle does not exceed b7%*. Since the composition of all follow-on
network elements in the tandem is equal to the end-to-end closed loop bandwidth
delay product. we have maximum system backlog equal to b,,,.. where b, =

pu(dy + ds +d3 + dy + 3dr + 3dg) + b2**. Using the “pseudo inverse” of S. we have

dmar = 5_1(bma:r) = 2(d1 +dy +d3+dy+ 3dr + 3dR) + brrr_tax/u .

2.3 The Elastic Regulator

In this section. we present a new network element called the elastic reg-
ulator. Roughly speaking, the elastic regulator is a network element that allows
traffic above an envelope constraint to be served. We desire a network element
that, in conjunction with a service curve element can provide for adaptive ser-
vice guarantees. Before describing the elastic regulator. we present the following

proposition and discuss the implication of the result.

Proposition 21 (Adaptive Service Guarantee from Service Curve Guarantees):
Consider a network element that guarantees minimum service curve G and max-

imum service curve G. The arrival process is known to have the traffic envelope
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E (E(0) = 0). Then the network element guarantees the absolute service curve G

and the partial service curve G. where

G(z) = inf [Gx+y) ~ E«G(y)]"} forall x.

Proof of Proposition 21: Fix s < t. If G(t — s) = 0. then (2.2) holds trivially
since Ry is non-decreasing. Assume then that é(t — s) > 0. It suffices to show

that if
Rou(t) < inf {Rn(r) +Glt = 1)} . (2.17

then
Rout(t) > Rowe(s) + G(t — 5) .

Note that for all r such that G(z) > 0 we have G(z) = inf,.,>o{G(r +

y) — E * G(y)} and hence
Gz)+ExG(y) < Gz+y) ifG(z)>0andy>0. (2.18)
Using the minimum service curve guarantee. followed by (2.17) . and then (2.18).

we have

Hout(t)

v

Rin * G(t)

I

inf {Rin(r) + G(t = 7)}

v

inf {Ri(r) + ExG(s —7) + G(t - s)}
R % (E xG)(s) + G(t — s)

v

(Rin * E) * G(s) + G(t — s)

R +G(s) +G(t ~ s)
Roue(s) +G(t — s) .

AV

v

O

By the definition of the impulse, it is clear that any network element has

a maximum service curve 9, i.e. Ry < Ry = Rin#d. Using the above proposition.
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Figure 2.4: An Elastic Regulator
we lower bound absolute service curve G by G’. where
G'(z) = inf {[G(z +y) — E(y)]"}. forall z .
y:y>0

The above result implies that the service curve element with minimum service
curve G. and arrival process R;, with envelope E. is Rin—(G.G')—> Ryy.

The typical method of bounding the arrival process with an envelope E is
by regulating the input with a regulator as defined in Chapter 1. The disadvantage
of always bounding the arrival process R;, with an envelope E is that it prohibits
additional traffic above the envelope from being delivered when the link is not
congested. Ideally. we would like a network element which functions like a regulator
when the link is congested. but will allow traffic above the envelope to be served

when there is excess bandwidth.

2.3.1 The Elastic Regulator Element

Consider Figure 2.4 depicting a network element called the elastic regu-
lator. The arrival process R;, feeds the elastic regulator with departure process
Rin (corresponding to “conformant” traffic) and departure process Roband (corre-

sponding to “out-of-band” traffic). The elastic regulator backlog at time ¢ is
B'(t) = Rin(t) — Ru™(t) = Run(t) -

Packets may depart out-of-band at time ¢ if B"(¢) > 0. We do not otherwise

specify when packets may depart out-of-band. and in fact this is determined by a
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downstream network element. The elastic regulator is defined by specifving when
conforming packets may depart.

Toward this end, we define the conformant departure process to be
R <
R, (t) = Z LFu(t — %) .
k=0

where £ is the packet index. L* is the number of bits of the k** conforming packet
that departs. and we define 7 = 0 and L% = 0. We assume that all packets have
at most L,,q; bits. We also assume 0 < 7% < 7%*! for all k. such that R,, is causal.

VWe define an envelope E’ as follows:

E'z) = E(z)+ Lmazr .forr >0

0 elsewhere
where E' is a causal. sub-additive process. In fact. we shall also assume that E(t)
is left-continuous for ¢ > 0. without loss of generality. We will refer to £ as the
“target” envelope since the conformant departure process R;, in general will not

have envelope E but only have envelope E'.

We describe when conforming packets may depart in terms of a sequence
{r}. defined below. We call { the eligibility time of the k** conforming departure
from the elastic regulator. The eligibility time is based on previous conformant
departures from the elastic regulator and is recalculated each time any conformant
departure takes place for the session. The sequence {7} is defined as follows. Let
7 := 0. 19 := 0. and then 7{_, is computed recursively from (7. 7, ---.7¢) at time

7. In particular
-1 k
Teoy =inf{s:s > 7 and min Y L'+ E(s—7)] > > L'}.
SRS A (=0 (=0

By definition, the £** conformant departure can be no earlier than 7. The kt*
conformant departure is at time 7}, unless lim,_, - (B] (t)) = 0 and there is no ar-
rival in the elastic regulator at time 7. In this case, the time of the k** conformant

departure is the time of the first arrival to the elastic regulator after time 7{. The
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elastic regulator is capable of delivering packets above the envelope constraints.
The elastic regulator will allow a packet to depart as an out-of-band packet pro-
vided the elastic regulator has positive backlog at the time a request is made to send
the packet. In general. the request to “violate” the envelope constraint will come
from a follow-on server delivering out-of-band traffic. Note that these out-of-band

packets are not considered part of the departure process Rin.

Lemma 22: An elastic regulator with target envelope E has the following prop-

erties:
(i) Rin < Rin+ E'
(¢1) For B"(w) > 0. there exists r < w such that FL,,(w) — Rin(z) > E(w - 1).
(i7i) Given u’ and any € > 0. there exists w < u’ + € such that
Rinx E(W) > Rin(w) + E(u' —w) —¢ . (2.19)
and B"(w*) = 0 for some w* € (w — €. w + €). Moreover, Rm(w) = Rin(w*).

Proof of Lemma 22: We first prove (¢). e need to show that f?,,,(t) < Ra+E'(t)

for all ¢. It is sufficient to check at ¢t = 7 for all &. In general.

1-1
Rin % E'(z) = min{Rx(z). min [Z L'+ E'(z - )} -
=0

17 <r _

Consider first the case where R,—n * E'(Thyy) = En(rkﬂ). Then trivially. we have
Rin(Tis1) € Rin % E'(Tks1)

Now consider the case where R, * E'(Tks1) = min;.i<j<k [T L' + E'(Tkqy — )]

Since Tg4+y > T(,,. We have

k
Runlriwt) = L 43I

(=0

J-1

< : { ! _ k+1
< J_:Erébx%k[gll + E(ri — 1)+ L
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J-1

< min L'+ E(rger — 7 Lkt
= )1<_]<kz k+1 ] ]7‘

-1

= min ZLl+E(Tk+1 - 1)

J: 1<_;<k

Rin « £ (Tk+l

and so we have (i).

We now prove (2i). If B"(w) > 0. then define &* = max{k : 7, < w}. We
claim that 7;._, > w. To see this. suppose to the contrary that 7., < w. Since
B"(w) > 0. it follows that for the definition of the elastic regulator. 74-., < w.
which is a contradiction. and so 7;._, > w. Therefore, by the definition of 7{._,.

we have

min ZL'-%—E w—rj]<ZL’ (2.20)

1< <ke
Jiers =0

where we recognize that the right hand side of (2.20) is equal to R,.(w). Also.
recognize that there exists j* < &* such that

-1

min ZL'+Ew—1‘,]-ZL‘+E 5. )

1:1<5<k" =0
and so. using (2.20), we have

Rip(w) > , lrgjlx(lk Z L'+ E(w - 7))]
= &n(r,--1)+5(zL'—rj-)-
Since E' is right continuous. there exists ¢ > 0 such that
Rin(w) > Rin(ry-_1) + E(w — (13- —€)) .
Since Rm(rj- —€) < R‘n(T}‘-_l). we have

R&n(w) > Rin(T]' - €) + E(w - (Tj' - 6)) :

Since 7j. — € < 15 < 1% < w, we have r := 7. — € < w, and we have (ii).
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We now prove (izi). Note that
k—1

Rin * E(¢) = min{Rin(«). min [3 L'+ E(u' — )]} -
=0

kit <u’ —

Consider first the case where Ri, * E( v') = Rin(¢'). In this case. we may clearly
choose w € (u'.u' + ¢€) such that (2.19) is true and Rm(u’) = R, (w). since R,
is right continuous and E' is causal. We set w* = v’ in this case. and note that
w*=u" € (w—ew+e) We also have Rm(w') = R,—n(u’) = Ri.(w). It remains
to show that B"(w") = 0 in this case. Suppose to the contrary that B"(uw*) > 0.
Using Lemma 22 (iz) which we proved above. this implies that there exists an
I < w such that

Rin() = Rin(z) > E(w — 1) .

Thus.

Rm*E(w.) = Rin*E(ul)

= R»m(u-l)
= Rin(w.)
> Rm(1)+E(w'-—-1:) . (2.21)
which contradicts the definition of R,, * E(u').
Now consider the case where
. k-1
Ry * E(u') = min [} L'+ E(u' — )] .
ki <u’ =0
Recognize that there exists £* such that
i k-1
R.+xE@W) = Y L'+E@W -n.). (2.22)
(=0

and k* is the smallest integer satisfving (2.22).
Note that £* > 1. and 74-_| < T%-.
Using (2.22) and the right continuity of E. we may choose uw such that

w € (Tge~1.Tk-) and w € (7g- — €. 7¢-) such that (2.19) is true.
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We prove B"(w*) = 0 and &n(w‘) = Rn(w) for some w* € (w*—e€. w*+e¢).

Suppose first that k* = 1. Recall that the first arrival is at time 7.
Thus for any w* € (w.7,) we have B"(w") = 0 and Ri,(uw*) = Rin(w). Also. by
construction we have (w.7) C (w —e.w +¢) and so w* € (w — €. w + ¢€).

We now prove that for &* > 1. there exists w* € (w,7-) such that
BT (w*) = 0 and Rin(u*) = Rin(w). Since (w.7k-) C (w — €. w + €). this implies
that w* € (w —e.w + €).

Suppose to the contrary that B™(v) > 0 for all v € (w. 7¢-). In this case.
we must have 7. = 7,. > 7._,. To see this. suppose to the contrary that 7}. < 7¢-.
This implies that £* could have departed from the elastic regulator earlier. and so
Ti- = Tk-. From the definition of eligibility time of the £°-th departing packet. we
have

J k*—1

-1
e o . I . _ > .
- =inf{s:s > 7%_, and J:lsTé?-—l[,zoL +E(s—1)] > ; L'}

Then. for all u € (74-_;.7%-). we must have

k-1

]~-1
min [N L'+ FEu-7)]< > L.
{ =0

1<<k -
1 <k -1 =0

Using the left continuity of E for r > 0. we have lirnu_,rk-_ E(u—r1)) = E(1- — 7).

and so
J

min |
71 <k -1

-1

L'+ E(n--7)) < S LY.
=0 {=0
Since there exists some j* < k* — 1. such that

-1 1°-1
i ¢ - = ¢ Tl — .
j:lSI}lSlE'—l[;L + E(ne = 7)) g L'+ E(r —75-) .
we then have
j°-1 k-1
Y L'+ E(m—7) < S L. (2.23)
(=0 1=0

Using (2.22). then (2.23) and the sub-additivity of E. we have

ko -1
1:?,,-,,*E(u') = ZLI-FE(U'—"'I:')

=0
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Figure 2.5: An Elastic Regulator with S-Server

] -1

> Z L'+ E(r- = 7p-) + E(u = 7¢-)
=0
1°-1

> ZL’%—E*E(U'—?}-)
(=0

> JZI L'+ E( -1;.).
(=0
Since j* < k*. this either contradicts the definition of £* or contradicts the defini-
tion of R, E(u'). Therefore. there exists w* € (w — €. w +€) C (Tg-_;. Tx-) such
that B"(w*) = 0. Since (w — €, w + €) C (74-_1.Tk-). no conformant departures
occur in the interval (w — €. w + €), and s0 Rin (1) = Rin(w*).

O

2.3.2 The Elastic Regulator with S-Server

Consider the elastic regulator used in conjunction with a service curve
element and a summing element as depicted in Figure 2.5. The conformant traffic
Rm is the arrival process to a service curve element (with minimum service curve
S ) and departure process Roy. The out-of-band traffic Retand hynasses the service
curve element and is summed with departure process Rou resulting in total de-
parture process Roy; = Rou: + R%%nd_ The service curve element backlog at time ¢
is

B*(t) = Rin(t) = Rout(t) -
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We define S-server as a service curve element with minimum service curve S in
tandem with the summing element. Note that the only buffering in the S-server is
in the service curve element. We assume that the S-server has sufficient capacity
to deliver minimum service curve S. Furthermore, the S-server may request that
additional packets be sent from the elastic regulator violating the elastic regulator’s
envelope constraints. i.e. an out-of-band packet can be served at time ¢. if B"(t) >
0.
Let
S(x) = ygngo{[s(x +y) - E'(y)]"} forall r.

Theorem 23: Suppose a traffic session with arrival process R,, passes through
an elastic regulator with target envelope E followed by a S-server with departure
process Ry, If E > S 2 S. then the tandem svstem is a service curve element
with minimum service curve S. and Rin—(S. S)— R -

Proof of Theorem 23: Fix s.t. For any €. we have

Rowe(t +€) > R+ S(t +¢) . (2.24)
Since Rm(t +€) > th(t + €). this implies that Rm,,(t +e€) > inf,:75,+e{}?4n(r) +
S'(t + e — 7). We will first prove that R,,, > R, * S. Since Rin > R, * E and
ExS> 8. using (2.24), for any € > 0. there exists u' < t+e:alsow < u'+e < t+e

using Lemma 22 (i7i) such that

Roue(t +2€) > Rou(t +€)
> Ra(u)+S(t+e—u)—e
> Rp+E(W)+S(t+e—u)—¢
> Rip(w)+E(W —w)+S(t+e—u')— 2
> Rip(w)+E*S{t+e—uw)— 2
> Rin(w)+ S(t+e— w)— 2, (2.25)

and B"(w*) = 0 for some w* € (w — €, w +¢€) C (w — €.t + 2¢). Recall that

Rin*E(¢') = min Rin(v'), KV L'+ E(u — 74~ )} for some k*. Then using Lemma
1=0
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22 (iuz). for u’ < t +e. there exists a w* € [w — €.t + 2¢] such that B"(w*) = 0 and
Rm(w) - Rin(w-)-
Using (2.25). w —e < w* < t+ 2¢ and B"(«") = 0. we have

Rout(t + 2€) Roue(t + 2€) + R®9™(t + 2)

Rip(w) + S(t + € — w) — 2€ + R2(t + 2¢)

v

v

R (w)+S(t+e€—w)— 2+ Roband (%)
Ron(w) + S(t + € — ) = 2¢ + Run(w") = Run(u”)

Rin(w') +S(t+¢—w)— 2

[A™]
o

R,-,l(w—e)+5'(t+e—w)—2€ (

v

.6)

(V]
o

> R+ S(t) — 2. (

Since € is chosen arbitrarily. for a fixed €. we have Ry (t + €') > Rin * S(t). By
the right continuity of Rgy;, we have Ry > Rin * S.
We now prove R;,—(S. S)— Ry . Suppose first that s < u — . Using

(2.26), we have

Ro(t+2) > Ryu(w—€¢)+S(t+e—w)—2e

= inf {Rin(r)+S(t—-7)} - 2e. (:

TU2T2S

4

28)

Now suppose s > w — € and S(¢t — s) > 0. Using (2.25), s < t. then the definition
of S for S(t — s) > 0. followed by Row(s) < Rin(3) < Rin * E'(s). we have

Roue(t + 2€) Ry (t + 2€) + RO (¢t + 2¢)

> Ru(w)+ S(t+e€— w) — 2 + R4 (¢ + )

> Rin(w) + S(t — w) — 2 + R (s)

> Rin(w) + E'(s — w) + S(t — 5) — 2e + R2amd(s)
> Rin % E'(s) + S(t — 5) — 2¢ + Rtam4(s)

> Rin(s) + S(t — s) — 2¢ + Robam(s)

> Rou(s) + 5(t — s) — 2 + R%amd(s)

(l

Roui(s) + S(t —s) — 2 .

—_—
o
.
[
Ue]

N’
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Recognize the trivial case, for s < ¢t when S(t — s) = 0. we have

Rous(t + 2€) > Roue(s) + 0 = Rowe(s) + S(t — s) . (2.30)
Thus. from (2.28), (2.29). and (2.30). for a fixed ¢ > 0 we have
Rou(t+€) > {Roul(s)+S(t—s)}A _inf {Rin(7) + S(t—1)} —2€.(2.31)

Since ¢’ is chosen arbitrarily and R,,, is right continuous. we have Rin—(S.5)—

R,.:. and we are done.

O

2.4 Scheduling

In general. it is possible to synthesize a scheduling algorithm such that
the server guarantees a service curve for a given traffic session. [12]. [21]. [22]. [23].
In this section we consider a scheduling policy based on the so-called “SCED"”
scheduling policy proposed by Sariowan [21] [22]. reported in [10]. and later adapted
to continuous time in [11]. We modify the SCED scheduling algorithm by allowing
the server to go on vacations. This is only a slight modification to the model
described in [11] and so the proof of the main theorem is similar in style to [11].
Since we allow the server to go on vacations. we appropriately call the scheduling

algorithm. SCED - with vacations.

2.4.1 SCED - with vacations

Consider a network element with .V traffic sessions where entering and
exiting traffic are described by R;,; and Rout,, fori =1.2.---..V. For simplicity,
we assume that the server is a fixed-rate server with capacity c bits/second. WWe
assume a packet cannot begin service until it has completely arrived at the server.
Thus. we assume packet arrivals occur instantaneously. Specifically, we will assume

that the arrival processes are of the form,

Built) = 3 Liu(t - 74)
(=0
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where

0 .ift<7k
ut-7¥) =
1 ,ift>rF

the k™ packet of session i contains L¥ bits and arrives at time 7¥. and L? = 0 and
0 =0 for all k£ and i.

We will assume that all packets for session i have at most L., bits.
and furthermore. all packets in general have at most L., bits. i.e. we have
L*¥ < Linari € Limg: for all i and k. We shall assume that 0 < ¥ < 75*! for all &
and i so that R,,, is causal for all i.

We define the scheduler backlog for each session i at time ¢ as
Bi(t) = Rini(t) — Roura(t) .

We first consider the effect of packetizing the server arrival session in
order to obtain tighter worst case delay bounds.

Given the server arrival process R;,;, we define the process P; to be

0 Jifr < L}

P,' Ir) =
o toLF i Tl Lf<r<¥iILE.
k=0 ~1 - k=0 "~i = k=0 *:

Recognize that P,»(Rm,,-(t)) = Rm',(t) for all t.
Suppose we wish to guarantee the minimum service curve S; for session

J. l.e. we want

Roue () > Rin, * S;(2). for all t.

Thus. packets from session j arriving at time ¢ need to meet deadline dJ(I?mJ(t)).

where we define d;(~) for all ¥ > 0 as
d;(v) =inf{A: A >0 and Rin, * S;(d) >~} . (2.32)

The scheduling algorithm in which deadlines are assigned to arriving pack-
ets based on a service curve is as follows: Packets are served in an earliest deadline

fashion. A packet from session j which arrives at time ¢t = Tf is assigned deadline
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_\j(Rin,](t)). The server will always be busy serving a packet provided there is
positive backlog. In addition. the server will serve packets non-preemptively in
an earliest deadline first order. Since preemption is not allowed. this implies that
packets departing the server do not necessarily have non-decreasing deadlines.

Finally. a server is allowed to go on vacation. A vacation can occur only
when the server queue is empty, i.e. the server is allowed to go on vacation at
time s if 3‘;1 B:(s) = 0. The maximum period that the server is allowed to go on
vacation is L,,.;/c seconds.

We first demonstrate the property that the deadline of a packet that
arrives at time ¢ can be calculated without knowledge of Rm,,(s) for s > t. We

define
di(t) =inf{s:s >t and ;ngt{&n,,(r) + Si(s = 7)} > Rinau(8)} . (2.33)
Recognize that allowing the server to go on vacations does not affect the calculation
of the deadlines. and thus. the following Lemma and proof are directly from Cruz
[11).
Lemma 24 (Causality of deadlines [11]): If there is an arrival at time ¢ from ses-
sion . i.e. t = ¥ for some packet k from session i. then

di(t) = di(Rin(t)) -

Proof of Lemma 24 : See Appendix A.

O
Theorem 25: Suppose arrival process R,—n,,- has envelope E!.
N
Z E!+Si(z) < cxforallz >0, (2.34)
=1

and the server is allowed to go on vacations only when the backlog in the server is
zero. and for a maximum of L,,,./c seconds. Then no packet misses its deadline
by more than L,,./c seconds. Furthermore, for each i. the system delivers a

minimum service curve of S; to the i** arrival session. where

Si(t) = [Si(t — Linez/c) = Lmax,i]+
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We use the following useful lemmas to prove the theorem. Permitting the
server to go on vacations is independent of the total number of bits with deadlines

and so we use the following lemmas from Cruz [11].

Lemma 26 (Total traffic with deadlines <t [11]): The total amount of traffic(in
bits) from session i that has deadlines less than or equal to t is equal to P,(Rin, *

Si(t)).

Proof of Lemma 26: See Appendix A.
O

Lemma 27 (Traffic in interval with deadlines <t [11]): Suppose T,(s.t) is the
total amount of traffic(in bits) from session ¢ that arrived after time s and has

deadlines less than or equal to t. We have T,(s.t) = [R(Rl-,,_,v * S,(t)) — R.-,,.,-(s)]*‘.

Proof of Lemma 27: See Appendix A.

O
Proof of Theorem 25: We will show that if anv packet misses its deadline by
more than L., /c seconds, then (2.34) does not hold. Suppose at time £. a packet
p* departs that has deadline ¢t — L,,,z/c — €4, where ¢4 > 0. Suppose that this
packet p* begins service at time t — a. Note that o < L,,,z/c.

Define 7" as the last time no later than t — a that the server had a
backlog of zero. i.e. 7 = sup{r : 7 < t - aand Z}V:[Bj(r) = 0}. Suppose
first that during the interval [7'.t — «). no packet from any session with deadline
later than t — Lne./c — €4 began service, and furthermore that no vacation began
in the interval. Note that 7' < t — L../c — €4, since p* has arrived by time
t — Lmar/c — €4, but does not leave until time t. Recognize that the server is
busy throughout the interval [7'.¢t]. If Z;":[ B;(r') = 0. then define 7* = 7'
Otherwise, if Z;Ll ;(T’) > 0. then choose 7 such that 7 € {s: 7/ — Lo /c <5<
7, }V=l Bi(v) =0V v € [s.7')} and define 7* = 7.

Let 4 be the set of sessions which received a non-zero amount of service

in the interval [7.t]. It follows that all traffic served in the interval [7/,¢] must
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have arrived after time 7* and have deadlines at most t — L,,,,./c — €4. Thus. from

Lemma 27 we have

C(t - T,) < Z TL(T.~t - Lmax/c - fd)

= ER(R,- # Si(t = Lmaz/c — €4)) — Ri(7")
< éiz * Si(t = Linaz/c — €4) — Ri(7")
< Z R % E{ + Si(t = Liaz/c — €a) = Ri(7")
< leiE{ * Si(t — Linaz/c— €4 —T")
e
< f:lE{ *Si(t — Lynaz/Cc—€4—T") . (2.33)

Since 7" < T° + Lyar/c and €4 > 0. this shows that (2.34) does not hold for this
case.

Now. consider the case where a vacation occurred or some packet with
deadline later than ¢ — L,,,,/c — € begins service in the interval [7'.¢t — a). Let
s* be the last occurrence of either the last time a vacation begins in the interval
[7'.t — a). or the last time a packet with deadline later than ¢t — L,,,;/c — ¢4 begins
service in the interval [7'.t — a).

Recognize that s* <t — L,,../c — €4. To see this. recall that p* is queued
in the system at time ¢t — L,,,, /¢ — ¢4. but does not begin service until t — a. Thus
if s* > t — Laz/c — €q. it would mean that packets are not served earliest deadline
first or that a vacation occurs while a packet is queued in the scheduler.

Let u* be the departure time of the packet that begins service at time s°.
Thus, the system is busy throughout the interval (u".t] serving only packets with
deadlines at most ¢t ~ L,,,-/c — €4. Let A* be the set of sessions which received a
non-zero amount of service in the interval (u*.t]. We claim that for all j € A", we
have Bj(s") = 0. If a vacation begins at time s°, then since the server will only
begin a vacation when the backlog of the scheduler is zero. we have Bj(s") = 0.

Otherwise. a packet with deadline greater than ¢t — L,,,./c — €4 begins service at
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time s*. If Bi(s*) > 0 in this case, that would imply that all packets from session
J queued at time s* have deadlines greater than ¢t — L,,,./c — €4. Else, another
packet from session j would begin service at time s* instead of the packet that
actually began service. Hence, Bj(s") > 0 implies that session j does not receive
service in the interval (u*.t], and so j € A*. Therefore. it follows that all traffic
served in the interval (u”.t] arrived after time s*. and has deadlines no greater

than ¢t — Lper/c — €q4. Using Lemma 27, we have

C(t_u‘) < Z n(s.?t—[‘mar/c-ed)

1€4°
= Z Pi(Rin.z * Si(t - Lmar//c - Ed)) - Rin.x(st)
€A
S Z fain,z * Si(t - LmaI/C - 6d) - Rm.z(s.)
€A
S Z Rdn.i * Egl * Sl(t - Lma.r/c - 6d) - Rm.;(b")
€4
< D E*Si(t = Lmgz/c—€a—5°)
€A
A"
< Z E,’ * Si(t - Lma.t/c — €4 — 5.)
=1
N
< S E[*Si{t—u—eq) . (2.36)

=1
Since €4 > 0. (2.36) shows that (2.34) does not hold for this case.

It remains to show that for any session  and all ¢. we have
Rout(t) 2 Runy * Si(t) -
We first show that
Routi(t) 2 Pi(Rins * Silt = Lmaz/0)) - (2.37)

To see this, suppose that Ruy.(t) < Pi{Rin; * Si(t = Lmaz/c)). By Lemma 26.
this means that at least one conformant packet with deadline less than or equal
to t — Lner/c has not finished service by time ¢, which contradicts the first part of

this Theorem.
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Using (2.37), we have

Px(R'in.i * Si(t — Limaz/cC))

= R(T:i’,néfm{Rin.z(T) + S,'(t - Lmax/C — 7.)})

= ,lrnef;RR({Rmz(T) + Si(t - Lmaz/C_T)})

> inf {Rin.i(T) + (S,‘(t - Lma.r/C -7)— Lvnaz.z)+}

rr€R

= Rin,z * S,(t) . (238)

Rout.i ( t)

v

and we are done.

The result above roughly states that sufficient allocations of server band-
width will guarantee a minimum service curve for each of the scheduler’s sessions.
We now consider a slightly more sophisticated scheduling algorithm. using elastic
regulators at the input of all arriving sessions of the scheduler as depicted in Figure

2.6.

Corollary 28: Suppose each arriving session ¢ first enters an elastic regulator
with target envelope E; prior to entering the server. and the server is allowed to
server out-of-band packets when the scheduler queue is empty and there is positive
backlog in at least one of the elastic regulators. If

" E'« Si(z) < cz. for all £ > 0.

=1
then for all i. we have Rm.i—>(SA'l-, gi)“_)Rout,x . where

Si(t) = [Si(t - Lmaz/c) - Lmax,t]+ .

and

Si(t) = inf {[Si(t +y) - ElW)]*} -
y:y20
Proof of Corollary 28: Fix t. Recognize that the vacations (in the SCED-with

vacations algorithm) having a maximum interval of time L,,,./c, is equivalent to
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Figure 2.6: Scheduler with Elastic Regulators

a server with no vacations delivering out-of-band packet during these vacation

intervals. Using Theorem 25, for all i. we have

Rout.z(t) 2 Rm.x * Sx(t) .

[nvoking Theorem 23. we have R,ln,i—»(S'i. .‘J:'l-)—>Rou,,, and we are done.

2.5 Summary

In this chapter, we proposed a new adaptive service definition. With this
new definition. we were able to find performance bounds. namely a virtual delay
bound, without explicitly using an access regulator at the input to the network.

We then obtained performance results for an adaptive session using a closed loop
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window flow control model. The closed loop window flow control results relied
on the fact that there exists network elements capable of providing an adaptive
service guarantee.

We recalled Figure 1.1, the unicast session traversing two routers employ-
ing hop-by-hop window flow control. where a link incurs some form of propagation
delay and the router schedules packets via some scheduling algorithm. We first
demonstrated in Section 2.1 that it was possible to obtain an adaptive service
guarantee for a network element modeling propagation delay through the network.
In Section 2.2 we showed in Example 20 that we could obtain end-to-end adaptive
service guarantees for routers modeled as latency rate servers using hop-by-hop
window flow control.

We proposed a new network element called the elastic regulator. where in
combination with a scheduling algorithm with a minimum service curve guarantee
and the ability to deliver additional traffic could in fact provide for adaptive service
guarantees and moreover, allow for additional traffic to be served. i.e. to avail of
excess bandwidth. We presented the SCED-with vacations scheduling algorithm.
and then combined this algorithm with elastic regulators as in Corollary 28 to

obtain adaptive service guarantees.
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Chapter 3

Discussion

In this dissertation. we developed a mathematical framework for obtain-
ing both delay and throughput guarantees. We considered closed loop window flow
control as a protocol for adaptive applications and modeled network elements that
may utilize excess bandwidth while providing adaptive service guarantees.

From our previous work [13. 1|. we determined the minimum window
size (for hop-by-hop window flow control) at each hop to deliver minimum service
curves unconstrained by the window flow control protocol. We will refer to this
minimum window size at each hop as the minimum window requirement. In some
sense. the minimum service curve represents worst case throughput. and so this
previous result implied that it is possible to obtain worst case throughput uncon-
strained by window flow control. However. in the previous work. delay bounds
were typically obtained with the use of an envelope. which in some cases implied
under-utilization of network resources when the network was uncongested. In this
work. we determined that for any hop(in a hop-by-hop window flow control model).
we could deliver an adaptive service guarantee unconstrained by window flow con-
trol using the same minimum window requirement for each hop as in the previous
results. Moreover. in this case. the hop-by-hop partial service curves were in fact
equal to the minimum service curves of the original hop-by-hop model. We could

also obtain an absolute service curve, at each hop, although the absolute service
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curve is typically strictly less than the minimum service curve since the absolute
service curve contains a contribution due to the feedback network elements in the
loop. Using the system backlog and the end-to-end absolute service curve. we
obtained end-to-end worst case delay. Specifically, in Example 20. the worst case
delay was on the order of twice the sum of the total round-trip end-to-end delay
plus the time it takes to depart from the first throttle queue.

In our analysis. we have decoupled the adaptive sessions. to consider the
flow control mechanism of a single session in isolation. It may be possible to
eliminate the conditions which create the worst case effect of twice the round-
trip delay by considering all traffic session simultaneously. One possibility for
future work is to consider the aggregate effect of the competing traffic sessions and
svnchronize all sessions in order to reduce the worst case delayv bound of twice the
round-trip delay.

In our work. we assumed that an unspecified algorithm adjusted the win-
dow sizes, corresponding to sharing buffer resources in order to avail of excess
bandwidth while providing adaptive service guarantees to each session. It would
be interesting to consider the algorithms for adjusting the per hop window process
'(¢). When considering possible algorithms for adjusting the window sizes at each
hop. it is possible to consider algorithms that violate the buffer requirement at a
particular time. although this could result in packet overflow. and essentially loss
in the network.

It would be of interest to extend our framework to networks with loss.
Although our current model is general. the results can not be directly applied
to “lossy” networks, such as networks with buffer overflow or wireless networks.
where multipath distortion and a deep fading environment can attribute to loss of
packets along a wireless hop.

In this work, we have presented only an example of a scheduling algorithm
capable of providing adaptive service guarantees. It is not clear what the necessary

conditions are for providing these service guarantees, and so it remains an open
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issue to determine the “schedulability region” for adaptive service guarantees.
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Appendix A

Lemma proofs for SCED - with

vacations

The proofs in this appendix are from [11]. They are placed in this work
for completeness and clarity.
Proof of Lemma 24 [11] : We wish to prove that d;(t) = d,(Rin.(t)).

Fix i and ¢t = r¥. Suppose € > 0 is arbitrary. By definition of d;(t). there

exists 7* such that t < 7* < d;(¢) + € and
,igsft{En..(r) +Si(77 = 7)} 2 Rinu(t) .
Since Rm',(r) > [Z,,_,(t) for all 7 > t. and S, is non-negative. it follows that
Rin. * Si(T7) 2 Runu(t) .

Thus. d,»(R,,,_,-(t)) <7< (fi(t) + €. By the definition of d,»(R,-,,.,-(t)). there exists a
d' such that d' < di(Rin.(t)) +€ and Rin, * Si(d') > Rini(t). We claim that @' > ¢.
To see this. recognize that Ri,,(d) < Rin,(t) for all & < t. since there is an arrival
at time ¢. Thus, it follows that R, * Si(d) < Rini * 0(d) = Rin.(d) < Rini(t) for

all d < t. Hence, d' > t. We then have

Rin.x(t) S Rin.i * Sl(d’)
< inf {Rinu(7) + Suld' = 7)} . (A.1)
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From this. it follows that d;(t) < d’ < d;(Rin.(t)) + €. Since € is arbitrary. we are
done.

O
Proof of Lemma 26 [11]: We wish to prove that the total amount of traffic(in
bits) from session i that has deadlines less than or equal to ¢ is equal to P,(Rin, *
Si(t)).

Let T,(¢) be equal to the total amount of traffic(in bits) from session ¢
that has deadlines less than or equal to t. Note that P,(T;(t)) = T,(t). First we
show that T;(t) < P.(Rin, * Si(t)). If T.(t) = 0. this is trivial. Else. consider
the last packet to arrive from session : that has deadline less than or equal to t.
and suppose it arrived at time 7. Suppose the deadline of this packet is at time
' < t. Thus. Rin, * Si(t) > Rin, * Si(t') > Rini(1) = Ti(t). Since P, is non-
decreasing. we may apply P, to both sides of the above inequality. resulting in
P(Rina * Si(1)) 2 PUTI(t)) = Ti(d).

It remains to show that T;(¢) > Pi(Rin. * Si(t)). Suppose that to the
contrary. 1,(t) < P;(Rm,‘ * Si(t)). and also suppose that j is such that P,(R,,,,, *
Si(t)) = 71—, L*. Then the inequality T;(t) < P.(R..., = S.(t)) implies that packet
J from session i is not counted in T;(t). However. the inequality PI(R‘,“ xS5,(t)) =

1, L* implies that packet j from session i has a deadline at most t. and so
packet j is in fact counted in T;(t). Thus. this contradiction implies that T;(t) >
Pi(Ron, + Si(t)).

)
Proof of Lemma 27 [11]: We will prove that Ti(s.t) = [P(Rin, * Si(t)) —
Runa(s)].

If Rini(s) > P(Rin. * Si(t)). this implies that the last packet to arrive
from session i up to time s has a deadline greater than ¢. In this case. all packets
from session ¢ that arrive after time s also have deadlines greater that t. Hence.
Ti(s.t) = 0 = [Pi(Rini * Si(t)) — Rini(s)]* in this case.

If Rini(s) < P,(Rin. * S.(t)). then all packets that arrived up to time s
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have deadlines at most ¢. Thus T;(s.t) is equal to the total amount of traffic from
session i that has deadlines at most ¢. minus all arrivals up to Rin.(s). By Lemma
26, this is equal to P,(Rin; * Si(t)) — Rin.i(s).

0
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