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ABSTRACT

This paper introduces a scalable maxmin flow control protocol which guarantees the minimum rate for
ead conrection-oriented flow without requiring per-flow information. The protocol is called MR-ASAP
(Minimum Rate guaranteeing Adaptive Source-link Accourting Protocol). MR-ASAP is an extension of
ASAP [Tsa98a, Kim99], the first exact maxmin flow control protocol for best-eff ort connection-oriented
traffic in integrated service networks, without requiring per-flow accounting at the intermediate network
node. In the classical maxmin computation, aly the maximum rate constraints are considered; in this pa-
per the minimum rate requirements are treated simil arly as the maximum rate onstraints. Existing proto-
colsthat achieve exact maxmin opimality with minimum rate guaranteerequire per-flow information and
complex computation such as sorting of the minimum rates at the switch. By generalizing the mncept of
constraint, the complex sorting and per-flow accounting required in the existing protocols are avoided.
Simulation demonstrates fast convergence to optimality. The convergence of MR-ASAP is also proved
analyticaly.

K ey words: Generalized maxmin, flow control, and minimum rate guarantee.
1. INTRODUCTION

Rate-based flow control for best-effort connection-oriented traffic in the integrated service networks —
such as ATM networks — has dual goals at the steady state: maximizing bandwidth utilization and
achieving fairness among all the virtual connections (VC's). This leads to the concept of maxmin fairness
originaly proposed by Hayden and Jaffe [Hay81, Jaf81]. Maxmin ogimality has been adopted as a net-
work bandwidth sharing criterion for best-effort traffic by the ATM forum in the TM 4.0 specification
[ATM96]. An exad maxmin protocol is defined to be the one that eventually assgns the maxmin rate to
al the VC's. So far, quite afew exact maxmin protocols have been proposed [Aru96, Cha95, Hou98,
Jai96, Kal95, Kal97, Kim99, Tsa98]. However, in order to achieve maxmin ogimality, most exact max-
min protocols have enployed per-VC acmounting at the switch. To the best of our knowledge, the proto-
col ASAP presented in [Tsa98a, Kim99] is the only exact maxmin protocol that does not require per-VC

acounting at the switch. Since ASAP does not use per-V C acounting, the protocol is cdable.
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Even though maxmin protocols are originaly targeted for the best-effort traffic, it is goodto have a
certain degree of guarantee especialy, in multimedia communication, which necessitates minimum rate
guarantee (MRG) by the protocol. Among those exad maxmin protocols, two protocols provide MRG
[Hou98,Ka97]. The Generadized Max-Min (GMM) protocol by Hou et a. [Hou9§ is an extension d the
maxmin protocol proposed by Charny et al. [Cha95] by incorporating MRG. In order to guarantee the
minimum rate for an individual VC, Hou's protocol not only employs per-VC acmurting, bu also in-
volves complex computation and sorting among VC's in terms of their minimum rates, which is obvi-
ously nat desirable. It has been shown in [Tsa99] that the complex computation and sorting required by
their protocol is not mandatory. Another maxmin protocol by Kalampoukas [Kal97] aso requires per-VC
acounting.

In this paper, the origina maxmin ogimality is generalized by incorporating a minimum rate re-
quirement and a maximum rate limitation for ead conrection. The concept of “constraint VC” is ex-
tended to include not only those VC's which cannot increase their rates above their pesk cell rates
(PCR's) but also thase VC's which cannot decrease their rates below their minimum cel rates (MCR'S).
This generaization leads to simple modification d existing protocols to compute maxmin rates when the
sources have non-zero MCR requirements.

This paper introduces a maxmin protocol that guarantees the MCR for each VC and yet does not re-
quire per-VC acounting. This protocol is caled MR-ASAP (Minimum Rate guaranteéng Adaptive
Sourcelink Accounting Protocol). MR-ASAP is an extension d the protocol ASAP presented in [Tsa98,
Kim99]; as a derivative of ASAP, MR-ASAP is the first and only exact maxmin protocol that guarantees
MCR reguirements without employing per-V C acounting. Simulation demonstrates that MR-ASAP con-
verges fast to maxmin ogimality under various network disturbances sich as dynamic changes in the
avail able bandwidth and dynamic arival and departure of VC's. The @mnvergence of MR-ASAP is also
proved analyticaly.

In this paper, much of termindogy is borrowed from the ATM community. However, the protocol
MR-ASAP can be implemented in any conrection-oriented network that needs minimum rate guarantee
in a scalable manner. This paper is organized as follows: Section 2introduces the mncept of generalized
maxmin ogimality. Sedion 3describes in detail the protocol MR-ASAP with some examples. Section 4
shows ome simulation results. Sedion 5 describes an abbreviated convergence proof of the MR-ASAP

protocol. The paper is concluded in Section 6.



2. GENERALIZATION OF MAXMIN OPTIMALITY

There eist two cases where a source @an be constrained onthe entire VC: the source wuld be limited by
the maximum rate (PCR) it can transmit or assciated with the minimum cdl rate (MCR) requirement
imposed by the network-user contract. For the case of non-zero MCR, the ATM forum has adopted a few
options in the TM 4.0 specification [ATM96]. Among those options, the most difficult one to handle is
the option of Max(Maxmin rate, MCR): the source must be dlocaed the MCR if its maxmin rate is
small er than its MCR, otherwise, the source must be dlocated the maxmin rate.

The key ideato solve this problem isto recognize that the MCR constraint is a constraint by itself. In
the original maxmin formulation, a wnstrained VC at alink is one that is unable to increase its rate to
reach the advertised rate at the link. A straightforward generalization is to define aconstrained VC at a
link as one that is unable to either increase or decrease its rate to read the advertised rate. This simple
observation, trivia it may appea to be, is a key to design distributed maxmin protocols without per-VC
computation. There gpear to be two maxmin protocols from the literature that handle the MCR constraint
[Hou98,Ka97]. The GMM protocol presented in [Hou98] requires per-V C-sorting, which is quite unde-
sirable. We shall adopt the definition of generalized maxmin ogimality by Hou et a. For eah VC i, let
PCR and MCR denote the PCR and MCR, respectively.

Assumption 1. The sum of the MCR's of all the VC's crossing each link is lessthan the caacity of

thelink.
Let A denote therate of VCi. Let C; denote the ABR (available bit rate) link capacity at link j. Let

Vj denote the set of VC'scrossing link j. Let Fj denote the total input rate from all the ABR VC's cross-
inglink j, thus Fj = iy, A

Definition 1. A vedor of source rates{A} is said to be feasible if F; <C; for dl link j, and for ead
VCi, MCR <A <PCR.

Definition 2. A vedor of source rates {A} is sid to be Generalized Maxmin (GMM) optimal if it is
feasibleandfor each VCi, A canna be increased while maintaining feasibility without decreasing A for
some VC k for which A, < A.

Let Vm; dencte the set of VC'swith the conditionthat A = MCR at link j.

Definition 3. The quantity R; defined below is called the advertised rate for link j:

max{A|iDVj A >MCR}  ifvmj 2Vj, Fj =C;;
Rj=q o if Fj <C;j;
0 it vim; =V, F; =C;.



Definition 4. Link | is sid to be abottlened link for VC i if F; =C;, A > MCR, andfor every VC
k crossing link j with A, > MCR, and A = A; furthermore, VC i issaid to be BC (bottlenecklink con-
strained) at link j.
Definition 5. VC i is sid to be MC (MCR constrained) if A = MCR and A >min{RJ-|j OR}. Simi-
larly, VCi issaid to be PC (PCR constrained) if A = PCR and A <min{R;|j OR}.
Definition 6. VC i atlink j is sidto be aconstrained VC at link j if
() VCi isBCatlink k# j; or
(2)VCi is MC; or
(3)VCi isPC.

Therefore, if aVC is constrained at alink, it is either lower-bound constrained (MC) or upper-bound
constrained (either PC or BC at a different link). VC i at link jis sid to be an unconstrained VC at
link jif it is not constrained at the same link. This definition arises from the view that VC i is uncon-

strained from link j paint of view because VC i is not constrained by some other means to set its rate

lower or higher than the advertised rate.

The main dff erence between the aove bottlenedk definitions and that of [Hou98] is that we impose
more technical conditions such as the alvertised rate conditions to ensure that the upper bound and lower
boundconstraints are treated separately and cleanly. This turns out to be the key to design an ogimality
condtionwhich reguires no sorting in the wrresponding protocol.

In the network maxmin literature, the advertised rate is commonly defined to be the maximum VC
rate at alink. But this turns out to be highly inadequate. The compli cations come from two sources: the
minimum rate cnstraint and pseudo-saturation, which is defined below.

Definition 7. Alink j is said to be saturated if the total flow is equal to its capacity: F; =C, .

Definition 8. Alink j is said to be pseudo-saturated if every VC at the link is either BC somewhere
elseor PC at thelink andits capacity isnat fully utilized: F; <C;.

The case of pseudo-saturated link creates many technical difficulties in the maxmin problem. In fad,
most maxmin protocols were not designed with pseudo-saturation in mind and can be shown to be non
convergent, see [Tsa99]. With the minimum rate constraint, there comes another complication: VC's
might be mnstrained at a minimum rate higher than other VC's whose rates are not at their respective
minim.

In the definition o advertised rate, the first caseis the ordinary case wherelink j has at least one un-
constrained VC. The second case is onein which link j is pseudo-saturated. The third case is a patho-

logical case where dl VC's are a their respective minimum rates and the link is saturated. In this case,
the entire available bandwidth is used by al the VC'sthat are not allowed to drop their rates. Notice that



we do nd define R, for the case where Vm, =V, and F, >C;. This is an infeasible (hence un-
interesting) case where nofeasible solution exists.
Intuitively, the advertised rate & a link is the largest rate of the VC's with rates higher than their re-

spective minimum rates at the link so that the link is sturated. If saturation is impossble, the alvertised
rateis defined to be a least aslarge asthe largest pedk rate cnstraint in the network, i.e., o .

Definition 9. Theratio C; /N, is called the fair share at link j; it is the fair share for al the VCs
crossing link j while assuming nore of them is constrained somewhere else.

Definition 10. The ratio (C; - Fc; = Fm;)/(N; = Nc; - Nmy) is called the remaining fair share at
link j, whereFc; is the sum of rates for upper-bound constrained VCs (PC or BC at another link) at
link j, Fm; is the sum of rates for lower-boundconstrained (MC) VCs at link j, Nc; is the number of
upper-bound constrained VCs at linkjand Nm; is the number of MC VCs at link j, if
N; —Nc; —Nm, >0.

Intuitively the remaining fair share & a link is the fair share after taken the bandwidth of its con-
strained VC's.

Proposition 1 (Bottleneck Optimality Condition). A feasible source rate vedor { A} is GMM opti-
mal iff for every VC, it is either BC at somelink, oris MC, or PC.

Proof. (Only-If part): Suppcse that the feasible sourcerate vedor { A} is optimal. To arrive at a con-
tradiction, assume that there exists aVC i which is not BC at every link crossed by the VC, and is not
MC, andis not PC. For every link j crossed by VC i, there are two cases to consider: (1) Link j is satu-
rated and (2) Link j isnot saturated. First, consider Case (1). SinceVC i isnot BC, there must existaVC
k such that A, > A and A, > MCR,. Thuswe canincrease A without violating the cgacity constraint by
dropping A,. Now, consider Case (2). SinceVC i is not PC, we can increase A without dropping any
other VC's rate to read the cgpadty. Now, we can increase A at every link by a nonzero amourt with-
out increasing therate of A, for any A, < A while maintaining feasibility. This contradicts the optimality
of the feasible source rate vector { A}.

(If part): Conversely, suppose that the feasible source rate vedor { A} satisfies the Bottlenedk Opti-
mality Condtion. Now, for every VC i, there ae three asesto consider: (1) it is PC, or (2) itis MC, or

(3) it is BC at some link. Case (1): Since VC i is PC, its rate cannot be increased without violating its
own peek constraint. Case (2): There existsalink j suchthat R; = min{R | k OR}. Now there are two sub-

casesto consider: Case (2d): Link | is saturated and Case (2b): Link j ispseudo-saturated. Consider Case
(2a): If we increase the rate A, we must drop some other rate in order to satisfy the capacity constraint.

We annaot drop any VC whose rate is at its minimum. Thus the only rate we can drop must be from any



VC k with the onstraint: A, > MCR,. But by the definition of MC, we have A >max{A| A, > MCR}.
Thus if we increase A, we must deaease some A, with the condition that A > A,. Consider Case (2b).
By the definition d the advertised rate and MC, we must have, MCR > max{ PCRk| k DVJ-}, whichisim-
possible. Case (3) VCi isBCatalink j. Thus, in order to increase A without violating the cgacity con-
straint, one must decrease arate A, suchthat A, <A and A >MCR atlink j. =

3. THE PROTOCOL MR-ASAP

3.1 Resour ce management (RM) cdll

In MR-ASAP, the source end-system (SES) transmits a specia cell called a resource management (RM)
cdl towards the destination end-system (DES) periodicdly (interval-basis) and/or every time dter trans-
mitting a certain number of data calls (courter-basis). This RM cdll is caled a forward RM (FRM) cdll.
Uponreceiving an FRM cdll, the DES returns another RM cell caled a backward RM (BRM) céll to-
wards the SES. While traveling along the forward and backward paths of a VC, RM cells deliver infor-
mation from the SES to the links (switches) and vice versa.

The switch cdculates the alvertised rate R for each ougoing link, that is the maximum rate at which
the switch alows the SES of any VC crossing the link to transmit cells providing that the VC is not
MCR-constrained. If a VC is MCR-constrained (MC), the VC is alowed to transmit cells at its MCR.
While traversing the backward path of aVC, a BRM cdl picks up the minimum R and cgliversit to the
SES. Uponreceiving a BRM cdl, the SES compares the minimum R and its MCR. If the minimum R is
larger than or equal to its MCR, the SES is allowed to transmit cdls at that minimum R. Otherwise, the
SES transmits cells at its MCR. The maximum rate at which the SES is all owed to transmit cdlsis cdled
an alowed cell rate (ACR). Table 1 describes the structure of an RM cdl. Note that the structure of the
RM cell used in MR-ASAP is diff erent from the one defined in [ATM96].

Table 1. RM cell structure

Field Meaning
RM.ACR Value of ACR of the SES
RM.OId_ACR Previous value of ACR of the SES
RM.BID ID of the bottlenedk link in the VC' s path
RM.Old BID Previous value of BID
RM.ER (In FRM cdl) Pe& cdll rate of the SES
(In BRM cdl) Advertised rate of the bottlened link
RM.Hop Count | Hop dstancefrom the SES (used to identify ead link in the VC's path)

3.2 Original BID (bottleneck 1D) scheme
The core of the protocol MR-ASAP is the bottlenedk ID (BID) scheme which provides two significant
advantages: (1) it provides more stable convergence to the maxmin ogiimality [Tsa98b,Kim99] and (2) it



eliminates the nead for per-VC acounting in implementing maxmin protocols. In this subsedion, the
original BID scheme used in ASAP [Kim99] is briefly described.

The Hop_Count field in the RM cell isused as an ID of ead link in the path of the VC. First, the SES
initializes RM.Hop_Count to 0. Upon receiving an FRM cell, eadch switch increases RM.Hop_Count by
one, and right before transmitting a BRM cell to the upstream switch, each switch decreases
RM.Hop_Count by one. Therefore, the value of RM.Hop_Count effectively identifies each link in the
V C’ s path. Note that alink may have different ID’ s relative to different VC' s crossing the link.

When a BRM cell arrives at the switch, the explicit rate (ER) field in the BRM cell is compared
against the alvertised rate R at the switch, and updated as follows:

if RM.ER>R, then RM.ER - RandRM.BID — RM.Hop_Count.
Therefore, when aBRM cell arrives at the SES, the RM.ERfield will contain the smallest AR from all the
links in its badkward path and the RM.BID field indicates the ID of the link with the smallest AR. Note
that if more than ore link has the same small est value of R, RM.BID carries the ID of the link closest to
the SES.

Uponreceiving a BRM cell, the SES updates its ACR according to Max (MCR, Min (RM.ER, PCR)).
The value of RM.BID is then passed to the switches in the VC's path via the next FRM cell sent by the
source.

Uponreceiving an FRM cell, the switch determines the congtraint status for each VC i asfollows:

if RM.BID = RM.Hop_Cournt, then VC i is considered unconstrained,
otherwise, VC i is considered constrained.

In most rate-based maxmin protocols, the switch calculates the maxmin rates based upon the number
of constrained VC’s (Nc) and the total input flow from the wmnstrained VC's (Fc) at the switch. In those
protocols, the constraint status of aV C is determined according to the comparison between the value of R
at the switch and the value of ACR in the FRM cell. This scheme is called a Rate Comparison (RC)
scheme. Based uponthe new constraint status, the switch updatesits R. Therefore, in an RC scheme, it is
possible that even thowgh a VC is transmitting cells at a constant rate with a specific constraint status, the
switch may change the VC's constraint status, which could in turn cause a rate change and passible os-
cillations.

In order to reduce inconsistency and ascillation problems, the RC scheme atificially enlarges the R
updating interval (RUI) longer than the maximum feedbadk latency of VC's crossing the switch. Theidea
behind the longer RUI is to make sure that the sources of al the VC's have changed their rates according
to the new R. However, feedback latency is very difficult to estimate acurately and thus determining the



optimal RUI is very difficult. If the RUI is too long, the flow control becomes too slow to respondto the
congestion and if the RUI istoo short, oscill ations could result.

In the BID scheme, the switch determines the constraint status of aVC based on the BID value in the
FRM cell, not based on the comparison between the value of R at the switch and the value of ACR in the
FRM cdl. Thus, the scheme dfectively reduces inconsistency and pdentia oscill ations encountered in
the RC scheme. A formal definition d inconsistency and examples comparing the effects of both RC
scheme and BID scheme ae presented in [Kim99].

One of the most distinguished features of the BID scheme is that the scheme is not required to esti-
mate the feedbad latency since the scheme dlows the switch to update its R only when the switch re-
ceves the confirmation (in the form of BID) from any source crossing the switch. Thus the BID scheme
guarantees updating R with an RUI exadly equal to the roundtrip delay.

The second advantage of the BID scheme is that it eliminates the need for per-VC acounting. The
reason that in most rate-based maxmin protocols, the switch has to store per-VC information (e.g., con-
straint status of each VC) is to estimate the values of Nc and Fc. However, in the BID scheme, the switch
only remembers the gygregate information such as Nc and Fc, and the SES keeps BID, Old _BID, ACR,
Old_ACR. The FRM cells carry apair of BID and Old_BID and another pair of ACR and Old_ACR, based
uponwhich the switch can correctly update Nc and Fc. An obvious objection to this scheme is that prob-
lems could result if the FRM cdlls got lost. Most of the time in the FRM cell, the values of BID and
Old_BID, and the values of ACR and Old_ACR are identical. In these cases, lossof RM cdls does not
incur any harm. If the FRM cell getslost when it carriesapair of different BID and Old_BID and/or a pair
of different ACR and Old_ACR, some @atrors are introduced at the downstream switches. However, this
problem can be easily handled by severa different schemes such as “Fast Tradk” RM cell scheme pro-
posed in [Tsa9g]. In “Fast Tradk” RM cell scheme, RM cells are given higher priority at switches than
data adls, which effectively prevents loss of RM cell due to congestion. The lossof RM cdl caused by
other reasons such as errors in the physical layer should be taken care by the error control schemes em-
ployed in that specific layer.

3.3 Sour ce end-system (SES) protaocol
The SES keegos the following variables: ACR, Old_ACR, BID, and Old_BID. The behavior of the SES is

asfollows:



Initi alization:
BID - 0
Old BID - 0O
ACR ~ ICR
Old ACR -~ 0

If it’ stime to send an FRM cell:
Create an FRM cdll

[/ Initialize an FRM cell
RM.Hop_Count — O
RM.BID — BID

RM.Old BID ~ Old_BID
RM.ACR ~ ACR
RM.Old_ACR ~ Old_ACR
RM.ER ~ PCR

/' Update SES variables
Old_BID ~ RM.BID
Old_ACR ~ RM.ACR

Send anFRM cell

When aVC is created, the VC starts transmitting cdls at itsinitial cell rate ICR, which is assumed to
be smaller than any advertised rate at the switch crossed by the VC. BID value of —2 indicates that this
VCisanew VC and BID of —1 means that this VC is being terminated. In MR-ASAP, the origina BID

When aBRM cell arrives at the SES:

BID — RM.BID
if (RM.ER< MCR) BID « -3
ACR « Max (MCR, Min (RM.ER, PCR))

If anew VC iscreded at the SES:

Create an FRM cdll

/I Initialize an FRM cell
RM.Hop_Count — 0; RM.BID ~ -2
RM.ACR - ACR, RM.ER —~ PCR

Send anFRM cell

If the VC isterminated:

Create an FRM cdll

/I Initialize an FRM cdll
RM.BID ~ -1

RM.OId _BID ~ Old_BID
RM.Old_ACR ~ Old_ACR

Send anFRM cdll

scheme is dightly modified such that upon receiving a BRM cell, if the RM.ER value from the BRM cell
islessthan MCR, BID is st to —3meaning that thisVC is MCR-constrained.

3.4 Destination end-system (DES) protocol

Uponreceiving an FRM cell, the DES returns a BRM cell after initializing RM.BID to 0 and copying the
values of RM.ERand RM.Hop_Count from the FRM cdl into the crresponding fieldsin the BRM cell.

3.5 Switch protocol

The switch protocol operates at each pat to an ougoing link of a switch. The variables kept at the switch

arelisted in Table 2.

Table 2. Variables at the switch (MR-ASAP)

Variable

Meaning

C Link cgpacity for available bit rate (ABR) traffic

Fc Totd input rate from constrained VC's

Fm Totd input rate from MCR-constrained VC's

N Number of VC's




Nc Number of constrained VC's
Nm Number of MCR-constrained VC's
R Advertised rate

Note that C is periodically updated at the switch as follows:

C « Total link capacity — Total constant or variable bit rate input flows.
Therefore, when an FRM cdl arrives, the switch updites R based on the most up-to-date value of C. Ini-
tialy, Fc, Fm, Nc, and Nmare all set to 0.
Uponreceiving an FRM céll, the switch does the following:

RM.Hop_Count — RM.Hop_Court + 1
if (RM.BID = -2) /[ thisVC is new
N<-N+1 Nc~-Nc+1
Fc - Fc+ RM.ACR
R« C/N /I fair share (Step A)
else
Updae N_Fc_ Fm Nc_Nm()
Updae R()

Uponreceiving a BRM cell, the switch dces the following:

if (RM.ER=R) RM.ER - R; RM.BID —~ RM.Hop_Count
RM.Hop_Count -« RM.Hop_Court — 1

When anew VC joins at a switch, the protocol resets R to the fair share (Step A), which turns out to
be simple and yet effedively gets rid of potential overloading at the link due to the new VC. If the FRM
cdl isreceived from any existing VC, the variables N, Fc, Fm, Nc, and Nm are updated according to the
changeinthe VC's state and Risin turn updated. Figure 1 depicts the possible states of any existing VC
and passible transitions among those states. The state “Constrained” refers to bah states “bottlenedk con-
strained” and “ PCR-constrained”.

Case 9 Case 4

Case 5
. MCR-
Constrained

Case 10

Figure 1. VC state changes
Thefunction Update N_Fc_ Fm Nc_Nm() updates N, Fc, Fm, Nc, and Nm as follows:

if (RM.BID = -1) // VCisterminated
if (RM.Old_BID = -3) Il (Case 1)
N<-N-LNm~Nm-1
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Fm « Fm—-RM.Old_ACR
elseif (RM.Old_BID = RM.Hop_Count) Il (Case 2)
N-N-1
ese /I (Case 3)
N<N-LNc-Nc-1
Fc « Fc—RM.OId_ACR
eseif (RM.BID = —-3) // VC bemmes MCR-constrained
if (RM.Old_BID = -3) Il (Case 4)
Fm — Fm+ (RM.ACR—-RM.Old_ACR)
eseif (RM.Old BID = RM.Hop_Count) /I (Case 5)
Nm —~ Nm+ 1; Fm « Fm+ RM.ACR
else Il (Case 6)
Nm —~ Nm+ 1; Fm « Fm+ RM.ACR
Nc « Nc- 1, Fc « Fc—RM.OId_ACR
elseif (RM.BID = RM.Hop_Count) // VC bemes unconstrained

if (RM.Old_BID = -3) Il (Case 7)
Nm « Nm-1; Fm « Fm—RM.Old_ACR

elseif (RM.Old_BID # RM.Hop_Count) I (Case 8)
Nc « Nc- 1, Fc « Fc—RM.OId_ACR

else Il (Case9)
no updtes

else // VC becomes constrained
if (RM.Old_BID = -3) I (Case 10)

Nm « Nm-1, Fm -« Fm—RM.Old_ACR
Nc « Nc+ 1; Fc -« Fc+ RM.ACR

elseif (RM.Old_BID = RM.Hop_Count) /Il (Case 11)
Nc « Nc+ 1; Fc -« Fc+ RM.ACR

else /I (Case 12)
Fc « Fc+ (RM.ACR—-RM.Old_ACR)

Risthen updated in the function Update_R() as foll ows:

if (N—Nc—Nm=z0) //there eist unconstrained VC's
R ~ (C—Fc—Fm)/(N—Nc—Nm) Il (Step B)
else // there exist NO unconstrained VC's
if (Nm Z 0) I there exist BOTH constrained VC's and MCR-constrained VC's
if (FM+ Fc>C)
R <« Min(Fc/Nc,C/N, (C—Fm)/(N—Nm)) // (Step C)
dseif (Fm+ Fc<C)

R « Fm/Nm Il (Step D)
else /] there exist ONLY constrained VC's
ifFc>C)R <~ C/N /I (Step E)

When an FRM cell arrives from any existing (not new) VC, if the number of unconstrained VC’'s (Nu
= N — Nc — Nm) is non-zero, R is updated by dividing the remaining bandwidth (= C — Fc — Fm) by Nu
(Step B). If Nu is zero, there ae two cases to consider: () Nm # 0, and (b) Nm = 0. In case (a), there exist
bath constrained and MCR-constrained VC's, while, in case (b), there eist only constrained VC's. It is
easy to prove that it is not possble to have only MCR-constrained VC's by Assumption 1.
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In the former case (a), there are threesub-cases to consider: (ae1) Fm+ Fc > C, (&2) Fm+ Fc < C,
and (a-3) Fm + Fc = C. The first sub-case (a-1) implies that some of the constrained VC's are transmit-
ting at the rates higher than their correspording GMM rates. In this case, by setting R to the minimum
among Fc/ Nc (i.e., average flow from constrained VC's), C/ N, and (C—Fm) / (N—Nm) at Step C, it is
guaranteed that after one round trip delay, at lease one cnstrained VC becomes unconstrained and re-
ducesitsrate eventually until Rreadesits GMM rate. Note that at Step C, Nc and (N — Nm) are non-zero.

The second sub-case (a-2) implies that some of the MCR-constrained VC's are transmitting at the
rates lower than their correspording GMM optimal rates. In this case, by setting Rto Fm/ Nm (i.e., aver-
age inpu flow from MCR-constrained VC's) at Step D, it is guaranteed that after one roundtrip delay, at
leazse one MCR-constrained VC bemmes unconstrained and can increase its rate eventualy until R
reachesits GMM rate. In the third sub-case (a-3), Ris not updsted.

When there exist only constrained VC's asin case (b), R is not updated except for the cae when C
drops sgnificantly such that C becomes gnaller then Fc. In that case, R is Smply reset to the fair share
(Step E), which again turns out to be the most reasonable doice. Consider a switch where N = Nc and
now C drops smaller than Fc. Based uponthe new C, the switch is assumed to be a new bottlenedk
switch. However, if R does not change, then BRM cells fail to inform the sources of the dange in the
bottlenedk switch. By resetting R to the fair share, the ID of the new bottleneck switch can be forwarded
to the sources of al the VC's. An exampleill ustrating this situationis foundin [Tsa99].

MR-ASAP explicitly handles various disturbances in the network such as changes in the available
bandwidth for ABR traffic, VC creation and VC termination (tea-down). Note that the switch’'s process-
ing time incurred uponreceiving an RM cell is constant (independent of the number of VC's). It shoud
be dso noted that since the switch does not keep any per-V C information, MR-ASAP is completely scd-
able.

Finally, a ade segment for re-marking [Cha99] isincluded as an optionin the switch protocol:

[/ if the VCis constrained bu the ACRislarger than rew R

if (RM.BID # RM.Hop_Count) and (RM.BID # -1) and (RM.BID # -3) and (RM.ACR = R)
RTemp « (C—Fc—Fm+ RM.ACR)/(N—Nc—Nm+ 1)
if ACR = R_Temp, then RM.BID = RM.Hop_Count; RM.ER= R _Temp

This optional code segment is executed as the last step uponreceiving an FRM cell. The wde seg-
ment improves the performance and is useful for the anvergence proof. The alvertised rate R that is
computed before the re-marking step is called the first-roundrate, and the second computation of the adl-
vertised rate R_Temp is called the re-marking rate.

3.6 Handling non-per sistent sour ces
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Due to the nature of ABR traffic, the behavior of the source is often non-persistent and bursty. The MR-
ASAP can be modified to hande the nonpersistent source behavior as follows: At the SES, the actua
datarate is measured and stored into an additional variable called Actual_Rate. When the SES sends out
an FRM cell, if Actual_Rateislessthan ACR, in ather words, if the SES does nat fully utilize its ACR, the
SES copies Actual_Rate instead of ACR into RM.ACR, and copies O instead of BID into RM.BID. Other
parts of the protocol remain urchanged. By copying 0 into RM.BID, the SES declares to the switches on
its path that the SES cannot fully utilize the rates advertised by those switches. It is assumed that Ac-
tual_Rate isno smaller than the MCR at the SES.

Uponreceiving the FRM cell from the SES, each switch redlocates the unused pation (= ACR — Ac-
tual_Rate) of the VC s ACRto other VC's. Note that changesin BID and/or ACR of the VC will cause the
switch variables to change, andin turn R to be updated. It should be noted that the variables ACR and BID
at the SES keep being updated according to the values of ERand BID fields from the BRM cell .

Later, if Actual_Rate becomes greaer than or equal to the ACR, in other words, if the SES has enough
cdlsto fill upits ACR, the SES copies ACR into RM.ACR and copies BID into RM.BID next time when
the SES sends out an FRM cdl. Thus, upon receiving the FRM cell from this VC, each switch again re-
cdculatesits advertised rate using the new values from the FRM cdl. This sheme does not introduce ay
additional overhead except a smple routine at the SES, which measures the adual transmission rate and
does simple aithmetic operation.

3.7 Examples

Let’s consider a simple network configuration as depicted in Figure 2. Table 2 spedfies the values of
PCR and MCR for each VC used in Example 1. Initially, Switch 1 sets Rto the fair share (= 375). After
one round trip delay, sincethe PCR of VC 1 islessthan R, VC 1 is regarded constrained at Switch 1.
Thus both VC's 3 and 4 become MCR-constrained since their MCR's are greater than R. Therefore, at
Switch 1,Nc =1, Fc = 15,Nm= 2, Fm=110.Risinturn caculated as (150 — 15-110) / (4 - 1 -2) =
25.Then, the VC 2 will transmit its data & R and remain as an unconstrained VC. The GMM ACR value
for each VCisalso shownin Table 3.

IE X Table 3. PCR, MCR, and GMM ACR of eachVC

SES 2 | Y2 ,/\\ 150 Mbps ,/\\ (Example 1)
(— [ ) VC# | VC1 | VC2 | VC3 | VC4

e U | |
@m _ _/ PCR 15 150 | 150 | 150

SW 1 SW2

SES 4 MCR 0 0 50 60

Virtual Connection (VC) ACR 15 25 50 60
Figure 2. Sample configuration
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Table4. PCR, MCR, and GMM ACRof eachVC Table5. PCR, MCR, and GMM ACRof eachVC

(Example 2) (Example 3)
VC# | VC1 | vC2 | VC3 | VC4 VC# | VC1 | vC2 | VC3 | VC4
PCR 15 25 150 150 PCR 15 25 150 150
MCR 0 0 50 60 MCR 0 0 30 70
ACR 15 25 50 60 ACR 15 25 40 70

In the next example (Example 2) shown in Table 4, the PCR for VC 1 becomes 25. Switch 1 again
initializes R to the fair share (= 37.5). After one round trip delay, since the PCR's of bath VC's 1 and 2
are less than R, both VC's are regarded as constrained at Switch 1. Thus both VC's 3 and 4 kecome
MCR-constrained sincetheir MCR’s are greater than R. Therefore, at Switch 1,Nc = 2, Fc = 40, Nm = 2,
Fm=110.Now, since N—Nc—-Nm=0andNm #0and Fc + Fm= C, Rremains unchanged from 37.5.

In Example 3 as gown in Table 5, the MCR' sfor VC 3 and VC 4 are changed to 30and 70,respec-
tively. After one roundtrip delay from initialization of R, both VC's 1 and 2 are regarded constrained at
Switch 1sincetheir PCR's are less than R. While, VC 4 beaomes MCR-constrained. Thus, at Switch 1,
Nc=2,Fc=40,Nm=1, Fm=70. Now, R= (150 — ©—70) / (4 —2— 1) = 40. At thisnew R, VC 3 will

transmit data and will remain urconstrained.
4. SIMULATION RESULTS

In this sction, we perform simulations to demonstrate the protocol MR-ASAP cornverges fast to the
GMM optimality after the network is disturbed: dynamic changes in the available bandwidth for ABR
traffic, and/or dynamic arival/departure of VC's. The protocol is smulated using NIST's ATM Network
Simulator [Gol95]. Figure 3 shows a metropolitan area network (MAN) configuration used in the smula-
tion, which is simple and yet effedively shows the generalized maxmin (GMM) fairness The distances of
Link 1 and Link 2 are 20 km ead and the distances of al other links are 0.2 km ead. The actual capad-
tiesof Link 1 and Link 2 are 155Mbyps.

First, we simulate the MR-ASAP under dynamic changes in the available bandwidth for ABR traffic.
The simulation ran for 20 mseg which is long enough to show the anvergencein this MAN configura
tion. In order to smulate dynamic changes in avail able bandwidth for ABR traffic, aVBR VCis added at
Link 2, which transmit cells at 55 Mbps for the intervals of 5 to 10msecand 15to 20msec. Due to the
VBR traffic, the available bandwidth for ABR traffic efectively varies between 155 Mbps and 100mbyps.
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SES1 |DESl | |SES4 | |DES4 | Table 6. VC parameters
Ve = VC# | VC1 | VC2 | VC3 | VC4

/"\ Link 1 Link 2 /‘\ PCR 30 155 155 155

SES 2 Jvea-{sw1) ‘j I\j DES 2 MCR | 0.155 | 0.155 | 70 80

/155 Mbps \\—"155 Mbps

ye's 20 km 20 km Table 7. GMM optimal rate (ACR) for each VC

[sese | VBRVC] VC1 | VC2 | VC3 | VC4
Virtual Connection (VC) Idle 30 55 70 100
Active 30 20 105 80

Figure 3. Simulation configuration

Table 6 lists the PCR constrain and MCR requirement of each VC. The SES transmits an RM cell
every 100 pusecand the time interval used to measure the input flow from the VBR trafficis 500 psec

The GMM optimal rates for each VC are shown in Table 7. Figure 4 shows the dhangesin ACR val-

ues under backgroundVBR traffic changes. Upon changes in the badgroundtraffic, each VC converges

to its GMM rate within 1.7 msec. However, since it takes 0.5 msec for the switch to detect the badk-

groundtraffic change, the atual convergencetime is less than 1.2 msec. Note that the little oscillation

occurred after 16 msecfor both VC 2 and VC 3 is caused by the VBR input traffic measurement error.

120 T

120 T

ACR for VC1 (Mbps)
o ® &
3 3 38
T T T

ACR for VC2 (Mbps)
o « o5
o o o

T

IS
S
IS
S
T

I I I I I I I I I I I I I I I I I I
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Simulation time in msec Simulation time in msec

ACR for VC3 (Mbps)
ACR for VC4 (Mbps)

Figure 4. Changesin ACR for each VC under dynamic badgroundtraffic
Figure 5 shows the stable queue sizes at Switch 1 and Switch 2,and Figure 6 demonstrates excellent

link utilization at both switches.
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Figure 5. Queue sizes at Switch 1and Switch 2 Figure 6. Throughpusat Link 1 and Link 2

Sewnd, MR-ASAP is smulated uncer dynamic arival and departure of VC's. In this smulation,
ead VC transmits cell according to the schedule as snown in Table 8. Table 9 shows the GMM optimal
rate for each VC for each interval. Figure 7 shows the dhanges in ACR values. Note that every VC con-
verges to its GMM optimal rate uponarrival and departure of other VC within lessthan 1.5msec Again,

by subtracting the VBR measurement interval 0.5 mseg, the protocol converges within 1 msec

Table 8. Arrival time and departure time of each Table 9. GMM optimal rate (ACR) for each VC
VC (mseg Interval VC1l|VC2|VC3|VC4
VC1l | V€2 | VC3 | VC4 0~5msec X X 155 | 155
Starts at 10 5 0 0 5~10msec X 75 80 80
Stops at 15 20 30 30 10~15msec| 30 55 70 100
15~20msec X 75 80 80
20msec~ X X 155 | 155

ACR for VC1 (Mbps)
5
o

ACR for VC2 (Mbps)
15
3

I I I I I I I
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Simulation time in msec Simulation time in msec

4 M

I I I I I I I I I I
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Simulation time in msec Simulation time in msec

Figure 7. Changesin ACR for eadh VC under dynamic VC arrival and oeparture

ACR for VC3 (Mbps)
5
o

ACR for VC4 (Mbps)
15
3
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5. CONVERGENCE PROOF OF MR-ASAP

The protocol MR-ASAP can be shown to converge to the GMM optimal rate assignment. However, due
to spacelimitation, it isimposdble to deal with al the possible boundary condtions in this paper. GMM
optimality is realy the original maxmin ogimality with additional boundary condtions. The bourdary
condtions do nat add any major content to the proof, while they make the proof unnecessarily complex.
The bourdary conditions are useful basically for cheding to seeif the mnverged rate vector is truly
GMM optimal. Thus we shal in this sction prove only the convergence of ASAP. With the proofs pro-
vided here one can construct a proof for MR-ASAP.

With the proafs presented here, ASAP becomes the third exact maxmin protocol that has a global
convergence proaf; the first protocol with a proof is that of Charny et a. [Cha95] and its extension by
Hou [Hou97], the secondis the CPG protocol [Tsa99]. The proof for ASAP is much more difficult than
the first two as ASAP does nat require per-flow aacourting while the other protocols use per-flow infor-
mation, which gredly simplifies their proofs. In order to prove the wnvergence we have to make some
synchronization assumptions. These asumptions do nd mean that the protocol must be alapted to fit
these synchronization asaumptions; rather, the proof with the synchronization assumption gives us an ex-
cdlent justification that the truly asynchronouws version will converge. We shall cdl an advertised rate
computation as alink updete.

In the prodfs that follow, the notation o [Tsa99 is used. The proof will use the concept of CPG
(Congtraint Precedence Graph) which was introduced in [Tsa99]. If one does not have accessto the refer-
ence[Tsa99], one can interpret alevel | AR/link asthe | -th AR/link which converges to its maxmin value
in the idedli zed parallel version of the maxmin protocol. The proof is slf-contained except this notion d
CPG level is needed. LetL be the number of levels in the CPG which can be interpreted to be the number
of distinct rates in the maxmin assgnment, under a smplistic assumption. Due to space limitation we
shall not elaborate any more onthe concept of CPG.

Assumption 2 (Synchronization Assumption). We assume that minimization of ER is done in the
forward path and both advertised rate update and re-marking are dore in the badkward peth.

Definition. The first roundtrip updite after t at link k is defined to be the first possible mmputation
of the alvertised rate at link k, after the event that every VC crossing link k has at least one BRM cell
arriving after t, andthis BRM cell has caused anew BRM cell to return to link k.

Definition. Let t|9 be the time & which the first link update is computed at link k after the distur-
bance Let t° = max{tf():k 0L}; thus, t0 isthe time & which the first link updetes have been computed at
al links in the network. Furthermore, let tﬁ be the time & which the first round-trip update dter t0is
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computed at link k. Let th= max{tﬁ:k 0L} ; thus, t! is the time & which the first update dter t0 is com-
puted at all links in the network. Furthermore, let ﬂ'< denate the first roundtrip update time for link k after
t'1 Let £ = max{f\:k OL} . Define t}, dencte the first roundtrip updite time for link k after f'*and
t = max{tl'(:k 0L} . Intuitively, t' isthe secondround-trip upchte after {2

Definition. For every link k, let Cﬁ:Ck and Nﬁ = Nk. For every link k, and every level |, let
Cl'( = C|'(_1— FC|I( and N|'( = N|'(_1— NC|I(. For every link k, for every level |, the rate Rl'( = CL/NLis cdled
the remaining fair share a level |. Note that R& is commonly known as the fair share & link k. For any
link k, the average constrained flow at level | is defined to be Fc, /Nc, where (Fcy, Nc,) corresponds to
the constrained flows which are & least level | or higher.

Lemmal. For al link k, if al the denominatorsin the following expressions are paositive,
(@ Ci/Ng =Fey/Ney iff (G — Fey)/(Ni = Ney) = G /Ny ;G /Ni > Fey /Ney (b) G /Ny < Fey/Ney
iff (Cc = Fe) /(N = NGi) > Cie/Nic5tic (€) G/ Ny > Feye /N iff (Cc = Feie)/(Ni = Nei) < Cie/ N
Proof. The proof istrivial andis omitted.

Lemma 2.
(a) For al linksj, R;(t) = R, for all t>t°.
(b) For all k at the CPG level 1 andfor all t >t!, R (t) = RE.
Proof. Part (a): The proof istrivial sSinceby time tO, every link has performed at least one alvertised rate
update andthe ASAP update auationforcesthe alvertised rate to be no small er than the fair share.

Part (b): Consider first the updete & time t% for link k. There ae two sub-casesto consider.
Case (b1): Noy(tt) = 0. Then Re(tf) = RE = Cy /Ny
Case (b2): ch(tﬁ) # 0. By part (a), after all the link advertised rates have been relayed to all the sources,
al VC's must have aflow no smaller than C, /Ny , which is the small est of the fair shares among all the
links, thus the average cnstrained flows must be at least as large & Cy /Ny, i.e. for al tztﬁ
Fcy (t)/Ney (t) = Cy /Ny By Lemma 1 part (a) and (b), and the ASAP update ejuation, R(t) = RE.
Now, at every subsequent update at link k, the same agument continues to apply. &

Suppasethat at time t thereisanupdete & link j, thenlet R;(t) denote the first-roundadvertised rate
and let R; (t*) denote the re-marking advertised rate. A departing BRM cdl after the update and re-

marking have been completed at alink will be called aDBRM cell.
Lemma 3. Under synchronizaion assumption 1, suppcse at time tzt} link j receives a BRM cell

fromVC i and after the first-round updte,
Fe;(t)/Ne;j (1) < ¢ /Nj*, (1)

for somelevel |. Then after reemarking, ore of the following is true:
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(@ VCi ismarked as unconstrained in the BRM cell andit remains unconstrained in the DBRM cell;
(b) VC i is marked as unconstrained in the BRM cell and it is marked as constrained in the DBRM cell
and
[Fej(®)+Al/INc, (1) +1]< Cj*t /N,
(c) VCi ismarked as constrained in the BRM cdl and it remains constrained in the DBRM cdll;
(d) VC i ismarked as constrained in the BRM cdl and it is marked as unconstrained in the DBRM cell
and
[Fe; ()= Al/INc, () -1 < cl™/Nj*L.
Proof. From Lemmal,
R, (t)=Cj*/Nj*E. )
Thereis nothing to prove in Case () and ().
Case (b): After the first-round updte, VC i must be marked as constrained and it remains constrained
after the remarking. ThusA <R;(t) and A <R, (t*). In the remarking process, the average @nstrained
flow is updated to [Fc;(t) + A]/l ch (t) +1]. Now there ae two sub-cases:
(b1) [Fe; (1) + A1/INe, () +1] < Ci*™ /N}*, which is what we need to prove.
(b2) [Fe; (t) + A]/INc, () +1] >Ci* /NI*. In this cese, by Lemma 1, R;(t*) <C{*/N[*!. The fad
that VC i remains constrained after remarking implies A <C}+1/N}+1 which in conjunction with (1)
implies
[Fej(t)+ Al/INe, (1) +1] < Cj*t/NJ*,
contradicting the assumption of (b2). Thus case (b2) isimpassible to occur.
Case (d): There will be two pcssibilities here:
Case (d1) After the first round, VC i is marked as unconstrained and remains unconstrained after the re-
marking: A 2 R;(t) and A 2 R; (t*). Now by (2), A 2 C}™/N}*™. Now this fact together with (1) im-
pliesthat [Fc; (t) = A]/[Nc, (t) -1 <Cj* /Ny,
Case (d2) After the first-round ulate, VC i is marked as constrained and is re-marked as unconstrained:
In this cese, R; t")= Rj(t) and it isimpaossble for VC i to be re-marked as unconstrained. Therefore
this caseisimpaossible to occur. B
Lemma 3 implies that if condition (1) is satisfied, then after one RTT (rourd trip time), when the
feadbadk from the source returns, condition (1) remains true, everything else being the same. Lemma 4
(for which the proof is skipped as it is trivial) shows that if condtion (1) is not satisfied, the feedback

from the source will drivethe average constrained flow toward satisfying condtion (1).
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Lemmad4. Suppose & timetzt} link j receivesaBRM cél fromVC i and after the first-round p-
date, Fe;(t)/Ne; (1) > ¢ ™ /Nj*, (1)
for somelevel I. Thenif A >Cj**/Nj*™, VCi will be marked as unconstrained in the DBRM cell.

Lemma 4 implies the following: If the average nstrained flow is greater than the remaining fair
share, the average constrained flow in the future (after one RTT) will be reduced.

Assumption 3 (Second Synchronization Assumption). We asume that each VC has only one RM

cdl circulating in the path at any moment in time. The following two lemmas requires this assumption.
Lemmas. For all level | 22 andall linksj, Ri(t)2 R}, forall t>f'.

Lemma 6. For all level | =2 andall links k at CPG level | andfor al t>t', R (t) = R..

The proof for Lemma 6 is very similar to that of Lemma 2 Part (b) andis very straightforward to derive.

We shall skip the proof for Lemma 6.
Proof of Lemma 5. Consider an arbitrary link j and let x; (t) = Fc; (t)/Nc; (t)—C}J'l/N}+l denate

the deviation from the remaining fair share CJ'- +1/N}+1 at level | . For smplicity, let us drop the subscript
j - Without lossof generality, we shall adopt a discrete-time notation to describe the dynamic of the aver-
age onstrained flow:

{x:x<0}, (3
where disthe RTT, x(t +d) denotes the average wnstrained flow at time t +d (which is one RTT into
the future from time t), x(t + d —1) denotes the average wmnstrained flow at time t +d —1, which isinter-
preted to be the time instant right before the average wnstrained flow changes to the value x(t +d), and

a(t)isascaar time-varying quantity to be specified below. By Lemma 3 and Lemma 4, we have:
<0, ifx(t)>0;

a(x(t) = {s 0, ifx(t)<0. )

From equation (4), it is clear that the dynamic system described by (3) is stable in the following sense:
After aninitial transient, the system will enter a steady-state region described by {x:x< 0}, or the region
where the average constrained flow is no larger than the remaining fair share. To seethis, one can solve
for thetrgjectory of x(t) by direct substitution:
Xt+d+m)=x(t+d-1+ ia(t+i)x(t+i) .
1=0

Now by the second synchronization assumption and equation (4), we must conclude that after one RTT
X(t) will enter the desired steady-state region{x:x<0}. ®

With these Lemmas, aformal theorem can be stated as follows:

Theorem 1. The protocol ASAP (MR-ASAP) converges to the maxmin (or GMM) optimal rate &
signment within 2RTTL, where RTT is the maximum roundtrip delay in the network.
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6. CONCLUSIONS

This paper presents the first nonper-VC acounting (scalable) exact maxmin flow control protocol
that guarantees the minimum rate requirements. This protocol is readily applicable to ATM, Frame Relay
and aher circuit-switched retworks. For IP networks, adaptation is needed as paths can change and the
sources do not have to go through call set-up andtear-down asin a drcuit-switched network. However, as
long as the speed of path changeis alot slower than the speed of convergence of the protocol, MR-ASAP
can be adapted to work in the IP environment. Work isin progressin this diredion.

The maxmin fairnessdoctrine is most suitable for best-eff ort traffic but may not be suitable for truly
QoS-guaranted traffic where users negotiate a mntract containing specific rate requirements and other
traffic parameters. But for the traffic that does not require hard QoS satisfaction except for the minimum
rate, MR-ASAP is very applicable. For example, MR-ASAP can pdentialy be adapted to the differenti-
ated service network where the QoS sessions are required to inform the network of their worst-case re-
quirements (in terms of minimum rates and more).
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