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Abstract

The major challenges of designing multicast rate-
control protocols for a combined wired/wireless net-
work are the warying transmission characteristics
(bandwidth, error, and propagation delay) of the wire-
less and wired media, and the different, possibly con-
flicting flow control requests from multiple receivers.
To address these issues, in this paper we study mul-
ticasting rate-control ABR algorithms for a combined
wired/wireless network with unreliable links and irreg-
ular network feedback. We propose a new ABR multi-
cast extension algorithm that can readily extend any
unicast ABR rate control scheme for multicast ser-
vices. By formal analysis, we show that it is maz-min
fair, and that its mazimum cell loss is less than or
equal to that of an existing algorithm proposed by Siu
and Tseng [15]. We also extend the definition of global
feasibility to multicast flows, and propose a delayed-
increase policy to ensure global feasibility. Both the
waiting time of the delayed-increase policy, and the
mazimum cell loss in the absence of the policy are for-
mally analyzed. The new algorithm requires a waiting
time no longer than, and has a mazimum cell loss less
than or equal to, that of the existing algorithm. The
significance of our approach is illustrated by the for-
mal analysis, which allows us to design a new multi-
cast extension algorithm that is max-min fair, results
in a small cell-loss bound, and achieves global feasibil-
ity. The analytical method may also assist the design
and analysis of other multicasting flow algorithms over
ATM and wireless ATM, and other network protocols
such as multicast IP and mobile IP.

1 Introduction

The concept of “wireless ATM,” first proposed by
Raychaudhuri, et al. in [11, 12], is under active
consideration as a potential framework for the next-
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generation wireless communication networks able to
support integrated multimedia services with guaran-
teed quality of service (QoS). Since then, and espe-
cially in the last two years, to extend the standard
ATM protocol over a wireless network interface, wire-
less ATM has been an active research and development
focus in many research laboratories and organizations
worldwide [3, 8, 9], including the ATM Forum [2]. The
efforts have especially been encouraged when multi-
ple industry consortia recently petitioned the FCC
(Federal Communications Commission) and European
Regulatory Commission to reallocate a block of un-
used spectrum at 5.2 Ghz [6], on which small-sized
packet like the ATM cell is a particularly well-suited
transmission format [7].

Research, architectures, and prototypes in the area
of wireless ATM have tended to focus on high speed
air interface and media access control, data link and
error controls, routing and handoff controls, and con-
nection and location management. Relatively little
has been reported on traffic management and control
issues when low bandwidth, error-prone wireless net-
works interface with much higher-speed and reliable
wired networks [13].

To address this need, we investigate multicasting
ABR algorithms in a combined wired/wireless net-
work with unstable links and conflicting requests. We
examine an existing max-min fair multicasting ABR
control algorithm proposed by Siu and Tseng [14, 15],
and formally analyze its maximum cell loss. A new al-
gorithm is then proposed. Both the maximum cell loss
and max-min fairness of new algorithm are analyzed.

Maintaining feasibility is an effective way to mini-
mize the queue length, and thus cell loss, at a switch.
It is especially crucial for multicasting services. We ex-
tend the definition of global feasibility to the multicas-
ting environment. To ensure global feasibility, we ex-
tend the delayed-increase policy proposed by Charny,
Ramakrishan, and Lauck [5], to multicasting ABR
sources. The delay period required to achieve global



feasibility and the maximum cell loss in the absence of
delayed-increase policy are analyzed, both for switches
using Siu and Tseng’s algorithm, and for those using
our new algorithm.

2 Related Work

For multicasting flow control over ATM networks,
Siu and Tseng have established a unified framework
to derive a multicast protocol from a given unicast
ABR rate-based congestion control protocol [14, 15].
By generalizing a known necessary and sufficient con-
dition on the max-min fairness of unicast rate alloca-
tion for multicast service, they showed that their mul-
ticast derivation preserves fairness characteristics of
the underlying unicast protocol. Another rate-based
flow control mechanism for multicast ABR traffic has
been proposed by Cavendish, Mascolo, and Gerla [4].
It is a multicast extension of the SP-EPRCA unicast
algorithm they previously proposed [10]. None of them
include a formally analysis of possible cell loss when a
lower-rate request has been delayed and thus ignored
in the current iteration (of merging RM cells). This
issue is critical in a combined wired/wireless environ-
ment network feedback from paths of the same session
may likely to be irregular and conflicting.

On the multicast flow control over combined
wired /wireless networks, Wang and Schwartz have re-
cently proposed a general framework [16, 17]. It is
based on a simple scenario of two mobile receivers lo-
cated at different distances from the source located
within the (error-free) wired network. They have ana-
lytically evaluated two algorithms: LSQ and Source
Estimation (SE), and compared their performance
with an open-loop control mechanism by simulation.

3 Preliminary Studies

Siu and Tseng have proposed an algorithm to ex-
tend a unicast ER protocol to a multicast environ-
ment. They have proven that if a unicast explicit
rate protocol is max-min fair, then the resulting mul-
ticast protocol derived using their extension algorithm
is max-min fair [15].

Multicast Extension Algorithm - Siu and Tseng
[15] Let s € S denote a multicast session and Py de-
note the paths of s that traverse a switch w. Fach
source/destination in s behaves as if it is in a uni-
cast environment. Fach iteration with respect to the
session s and the switch w is defined to be the period
such that w receives at least a new BRM cell along
each (backward) path in P;. At the end of each itera-
tion, the switch transmits an RM cell to the source of s
with a new RM-ER value equal to the smallest RM-ER

value among all RM cells received and the ER values
corresponding to the outgoing links of this session in
the same iteration.

In the above algorithm, each iteration is a con-
trolled interval, and is defined to be the period such
that at least a new BRM cell is received. This, how-
ever, may result in serious cell loss if the BRM cell
received indicates a rate increase, while many other
paths of the same session actually require a much lower
rate. Based on this observation, we define each con-
trolled interval (iteration) as the period when at least
one of the following conditions hold:

C1: At least a new BRM cell with a requested rate
less than or equal to the current rate is received
by w.

C2: At least a new BRM cell has been received by
w, and a FRM cell arrival triggers the switch to
compute an explicit rate that is less than or equal
to the current rate.

C3: BRM cells have been received by w from every
backward path in P;.

C4: At least a new BRM cell has been received by
w, and a controlled timing parameter A time-units
have elapsed since the last BRM cell has been sent
by w,

In the above, C1 and C2 ensure that a BRM with
non-increasing rate will be honored promptly, C3 pre-
vents premature rate-increase, and finally C4 prevents
deadlock or infinite wait due to (temporarily or per-
manently) broken links which might be quite frequent
in wireless networks.

Multicast Extension Algorithm - Moh Let s € S
denote a multicast session and Py denote the paths of
s that traverse a switch w. Each source/destination
in s behaves as if it is in a unicast environment. FEach
iteration with respect to the session s and the switch
w is defined to be the period such that at least one
condition among C1, C2, C3, and Cj holds. At the
end of each iteration, the switch transmits an RM cell
to the source of s with a new RM-ER value equal to
the smallest RM-ER value among all RM cells received
and the ER values corresponding to the outgoing links
of this session in the same iteration.

4 Analysis of Siu and Tseng’s Multi-
casting ABR Algorithm

For a precise analysis, an example protocol pro-

posed by Siu and Tseng is included. It follows the mul-

ticast ER algorithm presented in the previous section.



The example protocol assumes that switches can pe-
riodically compute the maximum allowed rate of each
session, denoted as FRg,. The switch also maintains
a register MER and a READY flag, for each multicast
virtual connection. One temporary variable MXR is
also employed in the computation.

Algorithm 1 (Siu and Tseng) [15]

I Upon the receipt of RM(ACR, DIR = forward, ER)
cell:

1. Multicast this RM cell to all participating
branches.

2. If (READY = 1) then

(a) Let MXR =ER;
(b) Let MER = min (MER, ER,);

(¢) return RM(ACR, DIR =
ER=MER) cell to the source;

(d) let MER = MXR;
(e) let READY = (.

backward,

I1. Upon the receipt of RM(ACR, DIR = backward,
ER) cell:

1. let READY = 1;
2. let MER = min (MER,ER);
3. discard this BRM cell.

As discussed above, one disadvantage of Algorithm
1 is in steps IT and II.1, where READY is set to 1 as
soon as one BRM cell is received, regardless of whether
other BRM cells have been received. Thus, during one
iteration, the minimum ER value among the computed
ER,, and ER values carried by BRM cells received
during this iteration will be sent upstream, carried
by a BRM cell generated when a new FRM cell is
received. It is possible that BRM cells of congested
paths carrying smaller ERs are delayed. In particular,
the BRM cell with the ER value that is the minimum
among all those requested may also be delayed. This
ER value will only be considered in some later itera-
tion.

In the following, we derive the maximum loss re-
sulted from Algorithm 1. Consider the situation when
one BRM cell with a high ER, say ER;, has ar-
rived at the source of session i, (or simply source
i), causing ACR increase, while the BRM cell with
the actual minimum ER value (ER of the bottleneck
link/destination), denoted by ETZ, has been delayed.
As a result, cell loss occurs due to excess cell trans-
mission between the arrival of these two BRM cells.

Note that we consider only the case when ER; and
ER are ER values of different paths. If they are that
of the same path, then delay (and thus cell loss) is
unavoidable.

The following theorem shows the maximum cell loss
that may result in the above worst-case scenario. Its
proof, including two additional lemmas, is given in
Appendix A.

Theorem 4.1

Consider some arbitrary time tg. Let t >= tog be the
time that the first BRM cell arrives at source i since
time to, carrying an ER value denoted by ER;(t), and
that ER;(t) > ACR(t). Let ER; (t) be the actual min-
imum ER value requested among all the paths of ses-
sion i; ER;(t) > El\%z(t) Let Nparh, be the total
number of paths of session i. The maximum cell loss
of session i due to excess transmission at source i be-
tween the arrival of the two ER values is given by:

lOSSli = DlBRMi X (ERz(t) — E’.\Rl(t)) X NPATH-

i

Nsw; x (Nsw; +1
< ((Nowe x Tsw: + 1)

+ 2 x DpRopi} X (ERl(t) — E’.\Rz(t)) X NPATHi
Nsw, Nsw, +1
< (N X w2V 0 4 Now, x (T +Tow)

“+ 2 X DPROP,-} X (ERl(t) — MCR) X NPATHi

) X @ + NSW,- X (T’rm +Tsw)

5 New Multicasting ABR Algorithm

In the following, we propose an example protocol
similar to Algorithm 1 based on the new multicast ex-
tension algorithm presented in Section 3. The new
example protocol aims to reduce cell loss due to po-
tentially excess cell transmission in Algorithm 1, based
on the four conditions C1 - C4 listed in Section 3.2.
To implement these four conditions, we use a flag
READY, for each path p of session i traversing this
switch. In addition, a timer, TIMER, which expires
when the last BRM cell has been sent no less than A
(representing the time-out period) time-units, is used
to avoid deadlock. In summary, we propose the fol-
lowing modifications made to Algorithm 1:

1. If the ER value carried by this BRM cell is no
higher than the MER value of the switch, than
the READY flag is set to 1 immediately. This is
an indication that there is a potential decrease in
ER value, thus a BRM cell should be generated as
soon as a FRM cell is received. This implements
C1.

2. Upon the arrival of a FRM cell, if ER, is no
greater than M ER, there is a potential of ER re-
duction, therefore if at least one BRM cell has



been received, a BRM cell is generated and sent
upstream, carrying the appropriate ER value.
This implements C2.

3. Upon the arrival of a BRM cell, if the ER value
carried by this BRM cell is higher than the MER
value of the switch, only the READY), flag is set
to 1 (but not the READY flag). The READY
flag is set by logically AN D the READY,, flags of
all the paths of sessions 4. This implements C3.

4. Upon the arrival of a FRM cell, if TIMER has
expired, then if at least one BRM cell has been
received, a BRM cell is also generated and sent
upstream. This is to avoid infinite delay of BRM
cell (or deadlock) when (3) has been true, (1) and
(2) are both false, and the switch is still waiting
for the BRM cells of one or more paths to set the
READY flag. This implements C4.

Algorithm 2 (Moh)
0. Continually decrement TIMER;

I Upon the receipt of RM(ACR, DIR = forward, ER)
cell:

1. Multicast this RM cell to all participating
branches;

2. set MXR =FER;
3.

if (READY =1)
or {( \/ READY,)

every p€i
at the switch

and ((ERsw < MER) or (TIMER <0))})
then

(a) set MER = min (MER, ERg, );

(b) return RM(ACR, DIR=backward,
ER=MER) cell to the source;

(c) set (READY = 0)

(d) set (READY, = 0) for each p € i sharing
this switch;

(e) set (TIMER = A);

4. else
set MER = min (MER, ERg, );

5. set MER = MXR;

II. Upon the receipt of an RM(ACR, DIR = backward,
ER) cell from path p:

1. If ER < MER then
set READY = 1;

2. else
(a) set READY, =1,
(b) set READY =

every p€i
at the switch

{READY, };

3. set MER = min (MER, ER);
4. discard this BRM cell.

Note that to completely eliminate cell loss consid-
ered in Theorem 4.1, we should required, in Step 1.3, a
BRM cell be generated and sent upstream only when

READY = N\ {READY,} = L

every p€i
at the switch

This, however, might result in excess delay in return-
ing BRM cells, thus cause serious In the case of a
broken link due to unreliable wireless link or mobil-
ity, a deadlock might occur when switches are waiting
indefinitely for a BRM cell of the broken link.

6 Analysis of the New Multicast ABR

Algorithm

6.1 Cell Loss Analysis

Recall that, upon receiving a FRM cell, a switch
running Algorithm 1 will always generate and return
a BRM cell if at least one BRM cell has been received
since the last FRM cell received. If the same switch
runs Algorithm 2, however, the switch may generate a
BRM cell right away or at some later time, depending
on the condition presented in Step 1.3 of Algorithm
2. The following theorem compares the maximum cell
losses of the two algorithms. The proof, including an
additional lemma, is presented in Appendix B.
Theorem 6.1
Mazimum cell loss in Algorithm 2 is at most as much
as that in Algorithm 1. More formally, let lossl; de-
note the mazimum cell loss of Algorithm 1 considered
in Theorem 4.1, and loss2; denotes that of Algorithm
2, then

loss2; < lossl;

6.2 Max-Min Fairness Analsis

Max-Min fairness has been adopted by the ATM
Forum as a criterion for evaluation ABR protocols
[1]. Siu and Tseng have generalized a known necessary
and sufficient condition for unicast max-min fairness
to multicast services [15], and described three impor-
tant characteristics, P1, P2, and P3 [15], in many ex-
plicit rate control algorithms for unicast VC (Virtual



Circuits) proposed at the ATM Forum, and used them
to prove their proposed multicast extension algorithm
(described in Section 3) is max-min fair. In the fol-
lowing, we state the max-min fairness property of our
proposed multicast extension algorithm described in
Section 3. The detailed proof is omitted due to length
limitation.

Theorem 6.2

If a unicast explicit rate protocol is mazx-min fair; i.e.,
it satisfies the three properties P1, P2, and P3. Then
the resulting multicast protocol derived using multicast
extension algorithm by Moh (described in Section 3),
with the example protocol Algorithm 2, is maz-min
fair.

Proof: (Brief)

Intuitively, note that the only differences between the
two algorithms that relate to the three properties P1
- P3 are: (1) The time for a switch to generate and
send back a BRM cell, and (2) the ER value carried
by this BRM cell; both have been carefully analyzed
in Lemma B.1.

7 Global Feasibility

Maintaining feasibility is an effective way to mini-
mize the queue length, and thus cell loss due to buffer
overflow, at a switch. Extending the definition given
by Charny, Ramakrishan, and Lauck [5], the defini-
tion of feasibility for multicast flow, can be rewritten
as follows, where SC'C R, is the source current cell rate
of session s, and Nparp,, is the number of paths of
session s traversing link /.
Definition 7.1

Global feasibility of transmission rate is defined as,

for all links, at all times, the actual transmission rates
SCCR of all sources satisfy

F = Z Tp

every path p
passing link [/

> € >

all s€S  every pePs
passing link [

To guarantee global feasibility in a unicast ABR
flow control, a increase-rate policy has been proposed
[5]; it requires an ABR source to wait for some pe-
riod W, before increasing ACR [5]. In this section,
we extend the policy for multicasting service, and re-
named it as delayed-increase policy, to multicast ABR
control.

In a multicast flow environment, cell loss occurs
when a particular multicast source i is allowed to in-
crease its ACR, while at least one source should reduce
its ACR but has not been notified to do so. Thus, the

Nparmu,, xrs(t)) < C

delayed-increase policy should delay the rate increase
(ACR increase) at a multicast ABR source i, until all
other sources sharing one or more links traversed by
some path of i receive network feedback and adjust
their rates accordingly.

The following theorem states the sufficient condi-
tion; i.e., the minimum waiting time of the delayed-
increase policy, to ensure global feasibility. The proof
makes use of a lemma on estimating the time intervals,
D1pgm; and D2gRy;, source i should wait before in-
creasing its ACR for both Algorithm 1 and Algorithm
2. Both the proof and the lemma are given in Ap-
pendix C.

Theorem 7.1

Let W1; be the minimum waiting time of the delayed-
increase policy, i.e., the time for a multicasting ABR
source i to wait before increasing its ACR when Algo-
rithm 1 is used as rate-control algorithm, and W2; be
the minimum waiting time when Algorithm 2 is used.
Also let A; be the set of sources each of which shares
some link traversed by some path of source i. The net-
work is globally feasible if

Wl = MAXjen, {Dlpru,}
W2 = MAX;en, {D25ru,}
W1, = W2

where D1ggy; and D2pry; are defined and analyzed
in Lemma C.1.

In the next theorem, we analyzed the maximum cell
loss in the absence of delayed-increase policy based on
Theorem 7.1. We show that the maximum cell loss of
Algorithm 2, in the absence of delayed-increase policy,
is less than or equal to that of Algorithm 1. The proof
is given in Appendix D.

Theorem 7.2

In the absence of delayed-increase policy, cells trans-
mitted by source i or any source j € A; may be
lost when source i starts increasing its rate. Denote
the mazimum cell loss by LOSS1; when Algorithm 1
is used, and by LOSS2; when Algorithm 2 is used.
Consider some arbitrary time to. Let t > to be the
time that the first BRM cell arrives at source i since
time to, carrying an ER wvalue denoted by ER1;(t)
(or ER2;(t)), and indicating a rate increase; i.e.,
ER1,(t) > ACR(t), when Algorithm 1 (or 2) is used.
Let t; > t be the time that the first BRM cell arrives
at source j since time to, carries the ER value that
18 Athe minimum requested by all the paths, denoted by
ER1,(t) (or ER2(t)), when Algorithm 1 (or 2) is
used. Then

LOSS1; = lossl;

+ Z(DlBRMj X (ACRJ(tJ) — Ele(tj)) X NpATH].)
JEA;



LOSS2; = loss2;
+ Z(D2BRMJ' X (ACRj(tj) — ER2j(tj)) X NPATHj)
JEA;

LOSS2; < LOSS1;

8 Summary and Conclusion

We have proposed a new multicasting ABR exten-
sion algorithm that can be readily applied to existing
unicast ABR algorithms. We have shown that the
new algorithm is max-min fair, and has cell loss less
than or equal to that of an existing algorithm pro-
posed by Tseng and Siu. Finally, to ensure global
feasibility for multicast ABR control, we have also
proposed a delayed-increase source policy, and shown
that our proposed multicast extension algorithm re-
quires a waiting time that is the same, and results
a maximum cell loss in the absence of the policy no
greater than, the existing algorithm. algorithm. The
proposed multicast ABR extension algorithm may be
readily applied to existing unicast ABR algorithms.
On-going work includes formal proof of the correct-
ness (live-lock and dead-lock free) of the multicast ex-
tension algorithm, and integration of existing unicast
ABR algorithm into the new multicast ABR extension
algorithm.
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Appendix A: Proof of Theorem 4.1

We first estimate the maximum time between the
arrival of these two BRM cells at the source. Note
that it is the maximum time for a BRM cell carrying a
minimum ER value to arrive the source from a farthest
destination. In the worst case, at each switch a FRM
cell has just arrived right before this BRM cell arrives,
and thus the BRM is delayed while the switch waits
for the next FRM cell.

Lemma A.1

Let Ngw, be the mazimum number of switches, and
Dprop, be the end-to-end propagation delay, traversed
by some path p of sessioni. Let T, be the upper bound
on switch computation (allocation) time. In Algorithm
1, the mazximum time for a BRM cell carrying the min-
imum ER value to arrive at source i from a destination

is given by:
Nsw,
Z (D1prm, + Tsw) + DproP;
k=1
Nsw;
= Y Dilgrm, + Nsw; x Tow + Dpror,
k=1

Dlgrm; =

where D1pgnm, is the mazimum time the BRM cell
waits at switch k for a FRM cell.
Proof:
Upon arrival at each switch, the BRM cell carrying the
minimum ER would have to first wait D1ggy, time
for a FRM cell, and then wait for T, the time for
the switch to compute the minimum ER value, before
it can be sent upstream. The total delay is thus the
sum of D1pgpa, + Tsy at each switch, plus Dprop;.
O
D1pgru, is formulated in the next lemma.
Lemma A.2 Let © be the mazimum per-switch queue-
ing delay, and T, be the inter-departure time of FRM
cell from the source of session i. In Algorithm 1,
D1rgrm,, the mazimum time an arrived BRM cell at
switch k has to wait for the arrival of a FRM cell, is
given by:
Dlrrm, = (kx0O+Twm)+ Dprop;(k—1,k)

where Dprop,(k—1,k) is the propagation time from
switch k-1 to switch &, and

Nsw; Nsw;
Z Dlrgrm, = Z (k x © + Tn) + DproP,
k=1 k=1
Ngow. X (Ngw, +1
_— SW; (25W1+))X®
+ Nsw; X Trm + Dprop,
Proof:

For convenience we number the switches along the
longest path of session 4 as switches 1, 2, ..., Ngw,. The
longest time a BRM cell has to wait for a FRM cell
at switch k is the maximum inter-arrival time of FRM
cells at switch &, which occurs when the first FRM cell
has gone through switches 1 to k& without any queue-
ing delay, while the second FRM cell has been delayed
O time at every one of switches 1 through k. O
Proof of Theorem 4.1

Assuming that there is no increase in ACR between
the arrival of BRM cells carrying the two ER values,
the maximum cell loss is the product of excess rate
(ER;(t)—ER;(t)), delay D1ggus,, and total number of
paths, Nparpg,. The proof is obtained by substituting
the result of Lemmas A.2 into that of Lemma A.1; the
last equation is true since ER;(t) >= MCR. O



Appendix B: Proof of Theorem 6.1

We first use a lemma to analyze the departure time
of, and the ER value carried by, the next BRM cell.
Lemma B.1
Consider an arbitrary multicast session, and an arbi-
trary switch k traversed by some paths of this session.
Upon receiving a FRM cell by switch k, denote the
time that the next BRM cell leaves switch k by 7, and
the ER value carried by this BRM cell by ER;, when
switch k is running Algorithm j, 1 < j < 2. Then:

(1) T1 S T2
(2) ER, > ER,

Proof: Omitted due to length limitation. O
Proof of Theorem 6.1

The maximum cell loss in Algorithm 2 is at most as
much as that in Algorithm 1. More formally, let lossl;
denote the maximum cell loss of Algorithm 1 consid-
ered in Theorem 4.1, and loss2; denote that of Algo-
rithm 2, then

loss2; < lossl;

Proof:
Rewrite the definition of loss, given in Theorem 4.1,
for Algorithms 1 and 2, respectively, as follows:

lossl; = D1y, X (ER1(t) — Eﬁl,(t)) X NparH,

loss2; = D2pru, % (ER2i(t) — ER2;(t)) X Nparm,
We will proceed by proving the following:

DlgrM; = D2BRru; (1)
ER1;(t) > ER2(t) 2)
ERL;(t) = ER2(t) (3)

1. To prove D2BRM,- = DlBRMﬂ
Since D2gRy;, is the maximum time for a BRM
cell carrying the minimum ER value to arrive at
source 4 from a destination; whenever this BRM
cell arriving at a switch, READY = 1 by Step
I1.1, thus this BRM cell would experience the
same delay in Algorithm 2 as in Algorithm 1.

2. To prove ER1;(t) > ER2(t):
The detailed proof is omitted; it is based on an
induction proof of Lemma B.1.

3. To prove Eﬁli(t) = ﬁ?i(t):
E/Eli(t) (or ER? (t)) is the actual minimum ER
value requested among all the paths of session i in
Algorithm 1 (or Algorithm 2), but the minimum
ER value requested is independent of whether the
switch_is running Algorithm 1 or Algorithm 2,
thus ER1;(t) = ER2;(t).

The theorem is proven by substituting EQs (1), (2),
and (3) into the definition of lossl; and loss2; given
at the beginning of this proof. O

Appendix C: Proof of Theorem 7.1

We first present Lemma C.1 which estimates the
time source ¢ should wait before increasing its ACR,
for both Algorithm 1 and Algorithm 2. It assumes
that at least one source, say source j, should reduce
its ACR but has not receive such a BRM cell. In the
worst case, we should assume source j to be the far-
thest source sharing some link with source i. Note
that this particular BRM cell that source j waiting
for carries an ER (denote by BRM-ER) smaller than
ACR;, the ACR of source j. For ease and clarity of
analysis, we assume that BRM-ER is the smallest ER
requested by all the paths of j. (The analytical re-
sults will still be the same without the assumption.)
It follows that, on the way this BRM cell travels from
destination to source, it will be delayed at each switch
(running Algorithm 2) as if the switch is running Al-
gorithm 1, according to Step II.1 of Algorithm 2 and
EQ (1).

Lemma C.1

Let D2pRruy; be the mazimum time for a BRM cell
carrying a rate-decreasing ER, which is the minimum
ER value requested by all the paths of j, to arrive at
source j from a destination when Algorithm 2 is used.
Also recall that D1gru; is the mazimum time for a
BRM cell carrying the minimum ER value to arrive
at source j when Algorithm 1 is used. Then

Nsw;
Dlgrym; = Z (D1rru, + Tsw) + Dprop
k=1
NSWJ'
= Z (kX ®+TTm+Tsw)+ 2><DPROPJ-
k=1
Nsw, X (Nsw. +1
— SW; (ZSWJ ))><®

+ Nsw; X (Trm + Tsw) +2 x Dprorp,

D2ggry; = Dlpru;

where the variables are as given in Sections 4 and 6.
Proof:

The above equation can be directly derived from from
Lemma A.1, Lemma A.2, and EQ (1). O
Proof of Theorem 7.1

To achieve global feasibility, upon receiving a rate-
increase BRM cell, source i should wait for the



time that guarantees all the sources in A; to re-
ceive their next BRM cells informing a possible rate-
decrease. Similar argument holds for Algorithm 2.
Since D1gry; = D2pru; by Lemma C.1, it follows
that W1; = W2;. O
Appendix D: Proof of Theorem 7.2

The proof is similar to the proof of Theorem 4.1. In
the absence of delayed-increase policy, the maximum
cell loss of source ¢ will still be at most lossl;, as an-
alyzed in Theorem 4.1. Maximum cell loss of each of
the sources j € A; will be the product of D1ggu;,
the maximum time taken for the next BRM cell cell
to arrive, the excess rate (ACR;(t;) — ER1;(t;)), and
Nparg;- Thus the maximum total cell loss is the sum
of loss of all the sources j € A;. The same argument
holds for Algorithm 2. Finally, D1gry; = D2BRru;
from Lemma C.1, and ER1,(t) = ER2;(t) by a sim-
ilar argument that proves EQ (3) in Theorem 6.1,
but loss2; < lossl; from Theorem 6.1, it follows that
LOSS2; < LOSS1,;. m|

References

[1] ATM Forum Traffic Management Specification
(1995) Version 4.0, ATM Forum/95-0013R11,
ATM Forum, March 1996.

[2] Proceedings of Wireless ATM Workshop, Espoo,
Finland, Sept. 1996.

[3] M Barton, D.J. Kostas, S.N. Hulyalkar, D. Pinto,
and T. vonDead, “Reference configuration model
for wireless ATM,” ATM Forum Contribution 96-
1623, Dec. 1996.

[4] D. Cavendish, S. Mascolo, and M. Gerla, “Rate
based congestion control for multicast ABR traf-
fic,” Proc. of GLOBECOM’96, pp. 1114-1118,
Nov. 1996.

[5] A. Charny, K. K. Ramakrishnan, and A. Lauck,
“Time Scale Analysis and Scalability Issues for
Explicit Rate Allocation in ATM Networks”,
IEEE/ACM Trans. on Networking, Vol. 4, No.
4, pp. 569-581, Aug. 1996.

[6] L. Dellaverson, WATM WG ATM Forum, “An
introduction to wireless ATM concepts and chal-
lenges,” ATM Forum Tutorial, 1996.

[7] FCC, “Amendment of the commnission’s rules to
provide for operation of unlicensed NII devices
in the 5 Ghz frequency range,” FCC Report, re-
leased Jan. 1997.

[8] IEEE, Special Issue on Wireless ATM, IEEE Per-
sonal Communications Magazine, Aug. 1996.

[9] IEEE, Issue on Wireless ATM, IEEE Journal on
Selected Areas in Communications, Jan. 1997.

[10] S. Mascolo, D. Cavendish, and M. Gerla, “ATM
rate-based congestion control using a Smith Pre-
dictor: an EPRCA implementation,” Proc. of IN-
FOCOM’96, pp. 569-576, March 1996.

[11] D. Raychaudhuri and N. Wilson, “Multimedia
personal communication networks: System de-
sign issues,” Proc. 8rd WINLAB Workshop on
3rd Generation Wireless Information Networks,
Apr 1992. Also in Wireless Communications,
J.M. Holtzman and D.J. Goodman, Eds., pp. 289-
304, Kluwer, 1993.

[12] D. Raychaudhuri and N. D. Wilson. “ATM-Based
Transport Architecture for Multiservices Wire-
less Personal Communications Networks,” IEEE

Journal on Selected Areas in Communications,
12(8), October 1994.

[13] Schwartz, “Network management and control is-
sues in multimedia wireless networks,” IEEE Per-
sonal Communications, Vol. 2, No. 3, 1995, pp.
8-16.

[14] K.-Y. Siu and H.-Y. Tzeng, “Congestion control
for multicast service in ATM networks,” Proc. of
GLOBECOM’95, pp. 310-314, Nov. 1994.

[15] H.-Y. Tzeng and K.-Y. Siu, “On max-min fair
congestion control for multicast ABR service in
ATM,” IEEE JSAC, Vol. 15, No. 3, pp- 545-556,
Apr. 1997.

[16] H. Wang and M. Schwartz, “Comparison of
multicast flow control algorithms over com-
bined wireless/wired networks,” Proc. of 3rd
Int. Workshop on Mobile Multimedia Commu-
nications, Princeton, NJ, Sept. 1996. URL:
http://www.ctr.columbia.edu/ whycu/res.html.

[17] H. Wang and M. Schwartz, “Performance analy-
sis of multicast flow control algorithms over com-
bined wired/wireless networks,” in Proc. of IN-
FOCOM’97, Apr 1997.



