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Abstract—As communication networks provide newer services, ¢, Call overflow probability at the queue due to buffer
signaling is becoming more and more compute intensive compared overflow.
to present day networks. It is known that under overload con- a Call loss probability at the queue due to excessive delay.

ditions, the call throughput (goodput) and the network revenue . . . .
drops to zero even when transport resources are available. A dis- % Call blocking probability due to insufficient transport

tributed overload control algorithm for delay-bounded call setup resources.
is proposed in this paper. The end-to-end delay bound is budgeted p = A/p. Traffic intensity of the queue.
among the switching nodes involved in call setup, and these 4 Threshold (bound) on total delay at a switching node.

nodes apply a local overload control with a deterministic delay
threshold and drop call requests experiencing higher delays. This

algorithm does not depend on feedback on network conditions and . INTRODUCTION

makes use of only parameters that can be instrumented locally ] ]

by the switching node. Using anM /M /1 queueing model with IGNALING is an essential component of connec-
first-in-first-out (FIFO) service discipline at a switching node, two ion-oriented networks such as the public switched

?rg:izxjegocr;])n;r:)eldsfr:];:negr%rrem%?]r:;séiciﬁ:ﬁﬁ fﬁriﬂg?'s?!eﬂﬁﬂvﬁﬂn' telecommunication networks (PSTNSs) including integrated
arrival rate Iirﬁit and the oriherwith buffer sizge limit. %/hough both ~ SErvices digital networks (ISD_NS)' asynchronous transfer
the schemes minimize the unproductive call processing at heavy Mode (ATM) networks, and mobile communication networks.
load, the latter is found to yield higher call throughput and lower ~ Connectionless networks such as local area networks (LANSs)
average call setup delays compared to the former. Also, the buffer and the Internet are introducing signaling protocols such as
Ziﬁg g?lutirrﬁgufo:]thui ifg‘semt% V;’ri]tg ggmzrsée 'a'g‘llt isé ;{]pikg:'g’cshfi“e%'('ed the resource reservation protocol (RSVP) to set up end-to-end
during overlogd.pThe performance of thepdisgibuted overload flow or con_nectlo_n [20_]' As communication networ_ks prqwde
control algorithm in a network is evaluated through simulation ~N€Wer services, signaling becomes more compute intensive. For
experiments, using the scheme with buffer size limit for the local example, the requirement to provide quality-of-service (QoS)
overload control. It shows that the average end-to-end delay could guarantees to accepted calls demands for call-level admission
be much less than the end-to-end delay bound, providing room for control and reservation of resources on a link-by-link basis. In
%%Eg\/g'%g'ggsozémethdrgfghgﬁ?ngr?d ;C: rgggi%fg_?g_t‘évne;g élr:; the case of mobile communication networks, the requirement to
needs to be considered while déciding the route budgeting the Provide seamless communication to mobile users necessitates
end-to-end delay bound among different nodes along the route. handoff and location management which in turn increase the
These performance results are expected to serve as lower boundscall processing. The experiments reported in [3] show that
to more sophisticated local call rejection mechanisms such as|ike the transport capacity, the ability of a network to admit
S:JSSCTpﬁﬁéor time-out along with a last-in-first-out (LIFO) sevice o s s alsg limited by the processing capacity of the signaling
system. In [10], it has been shown that the processing capacity
_Index Terms—Call overload control, communication networks, and the admission control functions can affect call setup delay
distributed algorithm, signaling performance. and accepted call throughput (goodput) significantly. In order
to reduce the signaling or call processing load, sometimes
NOMENCLATURE network resource provisioning mechanisms such as virtual path
A\ Average call arrival rate. conqectiqns (VPCs) in ATM networks [2] or differentiated
1/u  Average call processing time. services in the Internet [7], are u_sed to provision the tran_sport
K Number of buffers in the queue. resources for_ a group of connections together. However, it can
D Total delay in a queue (queueing delay), including thresult in significant wa§tag.e of ngtwork capac_:lty .[19]. Though
call processing time. t%erg are several studies including standardization [5] on call
. . . admission control (CAC) to manage the transport resources
~ Call/signaling throughput of the queue (carried Ioad).in a network, much needs to be done on the management
of call processing resources including overload control. The
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switching nodes in the case of connection oriented networksit on the fraction of buffers in a node buffer pool that input
and by routers in the case of Internet. However, these signalingffic can occupy.
messages may be processed only at the access networks adddistributed overload control algorithm for delay-bounded
be transported through a DiffServ-based core network incall setup is proposed in this paper. The end-to-end delay
transparent manner, without any processing. This paper focubeand is budgeted among the switching nodes involved in
on processing the call setup messages in a fixed switchealdl setup, and these nodes apply a local overload control
network. However, some of the results are equally applicabléth a deterministic delay threshold and drop call requests
to mobile switch/router-based networks and to other signaliegperiencing higher delays. This algorithm does not depend
events as well. on feedback on network conditions and makes use of only
Typical call-level QoS measures include call blocking prolparameters that can be instrumented locally by the switching
ability and call setup delay. The call processing involves praode. Using amM/ /M /1 queueing model with FIFO service
cessing of a number of messages and, hence, call setup deliggipline at a switching node, two optimized control schemes
is mainly decided by the call processing resources of the nate considered for local overload control and compared their
work. However, a call could be blocked due to unavailability gierformance through analysis: one with arrival rate limit,
either call processing resources or transport resources or bodhsidered in [8] and the other one with buffer size limit. An
and hence the call blocking probability is decided by both theseoptimized version of the latter scheme has been considered
factors. Both the blocking probability and the call setup delayg [9] as FIFO-blocking (FIFO-BL). Though both the schemes
are affected by the call arrival statistics. Congestion or overloatnimize the unproductive call processing at heavy load, the
in the network can give rise to unwanted effects such as long dtter is found to yield higher call throughput and lower average
lays and lost calls due to customer impatience and time-outsoafll setup delays compared to the former. Also, the buffer size
signaling protocols. Such delayed or failed service will lead t@quired for the scheme with buffer size limit is typically small
displeased customers. The situation is worsened by the fact tiadl call throughput close to the server capacity can be achieved
incidents of this kind caused by a temporary, light overload maluring overload. The performance of the distributed overload
cause repeated attempts which will increase loads further, amhtrol algorithm in a network is evaluated through simulation
results in complete service disruption. Maximizing successfekperiments, using the scheme with buffer size limit for the
signaling sessions is key to maximizing network revenue. local overload control. It shows that the average end-to-end
There are several papers in the literature dealing wittelay could be much less than the end-to-end delay bound,
performance of a single server queue with impatient custom@reviding room for overprovisioning of the delay bounds. The
under various service disciplines. The delay distributions anddeoff between the number of nodes, call throughput, and
the throughput of “good” customers under last-in-first-oudverage end-to-end delay needs to be considered while de-
(LIFO) and first-in-first-out (FIFO) schemes with customeciding the route budgeting the end-to-end delay bound among
rejection mechanisms corresponding to pushing out or timieiifferent nodes along the route. These performance results are
out old customers in a4 /M /1 queue with each customerexpected to serve as lower bounds to more sophisticated local
turning “bad” at a random time after its arrival, are comparechll rejection mechanisms such as push-out or time-out along
in [9]. Reference [21] studies the optimality of queueingvith a LIFO service discipline.
policies for nonpreemptive queues with impatient customersSection Il describes the algorithm for overload control. Local
and shows that LIFO is an optimal service order when thlwverload control mechanisms at a switching node are analyzed
deadlines arei.d. random variables with a concave distributiorand compared in Section Ill. Experimental results from a net-
function. It also proves that when customer waiting times aveork with several nodes, are discussed in Section IV, and con-
unknown, an optimal policy for ad{/M /1 queue becomes clusions are drawn in Section V.
the LIFO-PO (push-out) policy, with a fixed buffer used as
rejection threshold. Reference [8] shows that for a FIFO service
discipline, to minimize the probability of losing messages
with deadlines, an admission policy rejecting messages beforéAssume that the switching nodes involved use a signaling
link assignment is optimal when the load exceeds a criticatotocol that sets up the call sequentially, i.e., hop-by-hop.
value. In a queueing system having customer dead lines that example is the ATM Forum private network-to-network
arei.i.d random variables with concave cumulative distributiomterface (PNNI) signaling protocol [5]. The basic idea behind
functions, it is shown in [12] that LIFO gives the highesthe algorithm is budgeting the end-to-end call setup delay
probability of success, and FIFO the lowest, over the class ahong the switching nodes and applying an appropriate local
all work-conserving nonpreemptive service disciplines thgueueing control at each node with a delay threshold. Every
are independent of service time and deadline. A closed loswitching node queues up call setup requests. If the queueing
approach to network overload control is adopted in [14], [1&lelay exceeds the threshold, these requests will be dropped.
where delays of completed signaling sessions are usedCQtherwise, these requests will be allowed to proceed to the
predict the delay and to take the decision to accept or drop neext node for processing. When a call setup request proceeds
session requests. The use of input buffer limits for congestitmthe next node, it carries information on the number of nodes
control of store-and-forward networks is investigated in [13hlready traversed and the accumulated setup delay. The local
It attempts to control the network input rate by differentiatingueueing control schemes that maximize signaling throughput
between input and transit traffic at each node and imposingiader delay threshold are examined in detail in Section IlI.

Il. DISTRIBUTED OVERLOAD CONTROL ALGORITHM
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Node 1 Node 2 Node n + 1 Successful

e O O 10
Arrivals
Delay threshold b Delay threshold b Delay threshold (N |- n)b
Dropped requests Dropped requests Dropped requests

Fig. 1. llustration of the algorithm using distributed queues.

A possible realization of the algorithm to bound theverload control schemes analyzed in Section Il can be used to
end-to-end call setup delay in a network with arbitrary numbéound the delay.
of switching nodes, is described below. For end-to-end call This method does not make use of feedback or network
setup, the setup request has to be processed at all notesdition and does not require any network-wide global mea-
involved in the route. LelV be the maximum number of nodessurements and co-ordination between queues at different nodes.
involved in call setup and be the required upper bound onAll the parameters used for queueing control can be obtained
the end-to-end call setup delay. Assuming that this end-to-elodally. As shown by the experimental results in Section 1V,
delay bound is budgeted equally among the nodes, the detlig can result in overprovisioning of call processing resources.
threshold at a node is= B/N. Depending on the destinationHowever, the information on the number of switching nodes
of calls, classify the call setup requests processed at a switchfiagticipated in the call setup and the accumulated delay con-
node into two categories—terminating requests and tranttned in the call setup request can be used to further improve
requests. Terminating requests at a node correspond to cibs utilization of call processing resources. When there are
destined to subscribers connected or attached to that nadifferent classes of signaling sessions with different delay
Transit requests arriving at a node correspond to calls destimeduirements, the requests have to be queued differently and
to subscribers connected or attached to other nodes. Dependipgropriate delay threshold have to be applied for each class.
on the position of a node in the network, it may process onljhe processing capacity available at a switching node could
transit requests (for example, core network switching nodds} partitioned between processing of terminating and transit
or both transit and terminating requests (for example, accesguests and among terminating requests traversed through
network switching nodes). In the case of a transit request, ttiéferent number of switching nodes. This should take fairness
switching node may not know how many more switching noddsr various source—destination pairs into account. These issues
are involved in the call setup. Therefore, it is better to have tlage not addressed and are beyond the scope of this paper.
same threshold on the queueing delay for all transit requests,

irrespective of the origin/destination of the call. In signaling||. L ocaL OVERLOAD CONTROL WITH A DELAY THRESHOLD

protocols such as UNI/PNNI or RSVP, it is difficult to predict T lize th gt d call setup delav bound d ibed
in advance the exact number of switching nodes or routers the o realize the end-to-end call Setup delay bound describe

call setup request will traverse. However, it is easier to captdpesecnon ll, it is essential that each node implements an ap-

the number of switching nodes where the setup message HE\OSD”_ate queueng controI_W|th a delay thres_hold. This section
mines two such queueing control strategies.

been processed and the accumulated delay. This informatft ki d that th Il arrival < Poi ith rat
could be useful in the processing of terminating requests. IS assumed that the call arrival process IS Foisson with rate

A @nd the call processing time is exponentially distributed with

A call setup request is processed as a transit request atrr{il anl/p. Poisson model is widely used to model the call ar-

nodes except at the egress node, by applying an overload con- : e :
trol with delay thresholds, independent of the source of th Al process in current telephone networks and it is believed

X o hat it will be adequate for modeling the call-level behavior in
call. Thus, the delay of a transit request at a switching no

. . her networks as well [15].
when successful,_s boundeq @WVhen acall requgst arrves at With infinite buffers, call requests that are not processed
the egress switching node, it is treated as a terminating requﬁ%‘nediately are queued up for processing. At the end of
From the call setup message, the egress node knows the e I]l

te th Il setu has taken. A terminati oy é%essing, they will either be admitted or be blocked based
route the call SEtp has taken. A lerminating request 1s quettiy, o availability of transport resources. Since the call arrival

In one of t_heN queues, depending on the number of nodes p rocess is Poisson and the call processing time is exponentially
ticipated in the call setup. These queues apply overload ¢

: . istributed, the queueing system is modeled asiami/1
trol mgiependently with delay threshol.d,s2.b, ...,andNbre- eueing system. The//M /1 queueing model has been used
spectively. For example, when a terminating request that has

4vb dh di d : that fore in the literature to model the behavior of signaling
ready been processed bpreceding nodes arrives, that reqUE, o qqorg [15]. The average queueing delay including the
is placed in a queue that applies overload control with del

ocessing time is
threshold(N — n)b because the accumulated delays at all the ¢

preceding switching nodes together is boundedvbyFig. 1). 1

If the delay in this queue exceeds the threshold, the call setup is E[D] = DY

not allowed to complete. Thus, the end-to-end call setup delay,

when successful, will be upper bounded-by+ (N — n)b = wherel/s is the average call processing time. The queueing

Nb = B. When the call arrival process to a switching node idelay in the queue is exponentially distributed with mean
Poisson and the processing time is exponentially distributed, th& ;. — A). A call request is lost if its queueing delay exceeds
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1 T T T T T T T T T TABLE |
p=1.0,d =10 secs & OPTIMAL PERFORMANCE OF THECALL PROCESSOR FOR/ARIOUS VALUES OF

os p=10,d =20 secs + - | DELAY THRESHOLD (1« = 1.0)

d )‘maa: Ymax E[D]

0.6 ) 1 [0.557]0.199 | 2.26

Carried load 2 10.604 | 0.330 | 2.53
0.4 7 3 ]0.642 | 0.423 | 2.79

4 10.673|0.491 | 3.06

0.2 A 5 10.699 | 0.544 | 3.33

10 {0.782 | 0.693 | 4.59

S—>—— 20 | 0.855 | 0.808 | 6.91

0 02 04 06 Oﬁ&gd loat}l (callls'/25ec) 14 16 18 2 30 | 0.889 | 0.857 | 9.03

40 | 0.909 | 0.885 | 11.05

Fig. 2. Carried load of the queueing system. 50 | 0.923 | 0.903 | 12.98
100 | 0.954 | 0.944 | 21.89

the thresholdi. Whether a call request is lost or not, the server
serves it, i.e., the call request always consumes the processin

resources. Therefore, the probability that a call request is lost’ ith this overload cpnfcrol, when the call arrlvgl rate\isthe
due to excessive delay, is given by arrival rate to queue imin{\, A\,.x}. The admitted calls to

the queue need not form a Poisson process. Excess calls may
q = Prob{D > d} = e~ (l—p)d be dropped in several ways. If the excess calls are randomly
dropped, then the admitted calls also form a Poisson process
Therefore, the carried load of the queue or call throughpjd]. In this case, the average delay of an admitted call is less
which is defined as the rate at which call requests are procesgggh or equal td /(jt — Apax) Whent < A and it remains

with delay less than or equal t is given by atl/(p — Amax) Wheni > A, .. Table | shows the computed
(l—p)d values of A that maximizesy for different values ofd, along
y=Ml—-q) = )\[1 —e TP } (1) with v,.., and average delay for all processed calls. The average

- o ) i delay of call requests contributed4g,.,. could be less than this
anditis plotted in Fig. 2. As shown in the figure, call throughpyty e For smaller values of the call loss is higher and hence
drops to zero when approacheg:. This is true for all finite the call throughput is correspondingly lower. Where Ayas,
values ofd. This indicates that all call requests are lost when o ¢ throughput is given by (1) and it remainSy_aIaX for
approacheg even when the transport resources are availabl/g.> A
This behavior closely agrees with the experimental observationgy,,erioad Control With a Threshold on Aege Queueing
repor.ted in [3]. ) i .Delay: The delay threshold used for overload control in Sec-

This phenomenon is due to the failure of the call processig, |)1_a is based on the absolute value of the queueing delay.
system in meeting the call setup delay requirement. Not onky, oyerload control based on the average value of the queueing
do the failed call requests fail to generate an income, but (g5, has been considered in [2]. In this scheme, the arrival rate
fact that they consume processing resources while in the ngf+o queue is limited to a threshold < 4 so as to have
work, means that they actively contribute to delaying other cgjl, upper bound on the average value of the queueing delay.
requests and thus further increase the number of unsuccesgiyle, the call arrival rate i, the arrival rate to the queue is
call processing. To incrgase the number of successful call fﬁfn{)\, X'} If the excess calls are randomly dropped, then the
quests, the call processing resources should be spent on usgliflitted calls to the queue form a Poisson process [6]. In this
work. This is achieved by designing suitable overload contre(l}lse, the average queueing delay is upper boundeg(ay—

mechanisms. M). If &' is the upper bound on the average delay, then
A. Optimized Overload Control Based on Arrival Rate (Static) 1 <y
Fig. 2 indicates that for given values @pfandd, there exists a [T U

value ofA (say,\..x) that maximizes the call throughput of the
queue [8]. Therefore, the simplest overload control is to limit the

arrival rate to the queue t9,,.... The value of\ that maximizes N <oy 1
the call throughput of the queuesatisfies =R
1d = Amaxd +10g(1 4+ Aax d). ) Comparing these two schemes, for the same valdeaofld’

(calleddelay threshol}i the A, is different from)’, as shown
This is a transcendental equation and can be numerically solve@able 1. For small values afelay threshold)’ is smaller than
using the Newton—-Raphson method [11]. The maximum valug, ... whereas for higher values delay threshold)’ is larger
of call throughputy,,.x is thanA,,.x. This suggests that if one uses the scheme proposed in
[2], the average delay threshold chosen must be much less than
Ymax = Amax [1 —e L_A‘“‘”‘)d} . the absolute delay threshold of a call request. This could result
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TABLE 1l
COMPARISON OF THEARRIVAL RATE BOUNDS AND MAXIMUM CARRIED
LoADS FOROVERLOAD CONTROL SCHEMES WITH BOUNDED ABSOLUTE 08
DELAY AND BOUNDED AVERAGE DELAY (¢ = 1.0)
delay threshold || Absolute delay threshold | Average delay threshold 0.6
Amag Yrmaz N ")’ Carried load
1 0.557 0.199 0.00 0.000 0.4
2 0.604 0.330 0.50 0.316
3 0.642 0.423 0.67 0.421
4 0.673 0.491 0.75 0.474 02
5 0.699 0.544 0.80 0.506
10 0.782 0.693 0.90 0.569 0
20 0.855 0.808 0.95 0.601 . R
30 0.889 0.857 0.97 0.576
40 0.909 0.885 0.98 0.540 Fig. 3. Variation of the signaling system carried load with the buffer size.
50 0.923 0.903 0.98 0.619
100 0.954 0.944 0.99 0.626
25 ] T T T T T T T T
! Dynamic overload control, it = 1.0, d = 10 ©—
d=20 + -
in selecting the value of different from\ .. and a consequent 20 .

decrease in call throughput.

15 40
B. Optimized Overload Control Based on Buffer Size Limit Optimal buffer size 4
(Dynamic) 108

This scheme makes use of a queue of finite buffer &izand :
applies a very simple overload control. An arriving call setu 5T
request is rejected if there are alreddycalls waiting to be pro-
cessed in the queue, including the one being processed (bu 0 02 04 06 08 1 12 14 16 18 2
overflow). Offered load (A)

Since the arrival process is Poisson and the call processmg
time is exponentially distributed, the call processor can be mddd- 4 Optimal buffer size as a function of arrival rate.
eled as anV//M/1/K queueing system. In this system, a call
request could be lost due to one of the following two reasons: The probability of call dropping due to excessive queueing

« buffer overflow; delay is given by
 the queueing delay in the call processor exceeding the LK
—
bound. = Prob{D > d} =

Some results on th&f/ /M /1/K queueing system including
the delay distribution are shown in the Appendix. Though such
a scheme for queueing control has been considered in [9] ad) Call Throughput: The call throughput is given by the
FIFO-blocking, its behavior with buffer size variation has ndiormulay = Offered loadx (1—Prob. of buffer overfloy x
been explored in detail. In steady state, the probability that there- Prob. of call droppiny i.e.,y = A1 — ¢,)(1 — q1) .
arei, 0 < i < K, calls in the system, is given by

: ~ ~ (pd)!
Pi =0'Po T Is+1 > 1= _MdZT - 8
: i=0 =0 ’
wherep = A/ andpy = (1 — p)/(1 — p+1). The average
number of calls in the system is given by WhenK — o, the system behavior is similar to that studied in
Kt Section IlI-A.
E[N] = P (K + 11&1 ’ for A\ # p CaII.throughputfy is plotteq in Fig. 3, as a function ok
1—p 1—p for various values ofA. For given values of\, d, and ., the

call throughput of the queue initially increases withand then
starts decreasing. Whéiis small, the effect of buffer overflow
E[N] = 57 for A = pu. dominates that of call dropping due to excessive delay. However,
for large values of(, the effect of call dropping due to exces-
sive delay dominates that due to buffer overflow. This is more
significant for higher values of call arrival rate.
Using (3), it is easy to compute the optimal buffer sizg,:
that maximizes the call throughput. Fig. 4 shows the variation of
E[N] the optimal buffer size with the arrival rate. The optimal buffer
A1 —pg) size initially increases with increasing arrival rate and thereafter

and

Probability of buffer overflow 4,) is given bypy. For given
values of\ andy., ¢, decreases with increase in valuefof
The average delay is

E[D] =
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TABLE Il
PERFORMANCE OFDYNAMIC OVERLOAD CONTROL SCHEME FORDIFFERENTVALUES OF DELAY THRESHOLD(pt = 1.0)

A delay threshold d = 10 | delay threshold d = 50 | delay threshold d = 90
Kopt Yrnax E{D] Kopt Ymaz E[D] Kopt Ymaz E [D]
0.10 14 1 0.10 1.11 16 0.1 1.11 16 0.1 1.11
0.20 13 | 0.20 1.25 23 0.2 1.25 23 0.2 1.25
0.30 12 | 0.30 1.43 31 0.3 1.43 31 0.3 1.43
0.40 11 | 0.40 1.67 40 0.4 1.67 40 0.4 1.67
0.50 10 | 0.50 1.99 49 0.5 2.00 53 0.5 2.00
0.60 9 0.59 241 48 0.6 2.5 71 0.6 2.5
0.70 8 0.67 2.84 46 0.7 3.33 85 0.7 3.33
0.80 8 0.75 3.39 44 0.8 5.00 82 0.8 5.00
0.90 7 0.80 3.58 41 0.9 9.45 78 0.9 9.98
1.00 7 0.84 4.00 37 | 0.97 19.00 70 | 0.99 35.5
2.00 5 0.97 4.16 20 | 1.00 19.0 35 1.0 34.0
3.00 4 0.98 3.55 16 | 1.00 15.5 29 | 1.00 28.5
4.00 4 0.99 3.68 15 | 1.00 14.67 26 | 1.00 25.67
5.00 3 0.99 2.77 14 1 1.00 13.75 23 | 1.00 22.75
6.00 3 0.99 2.81 13 | 1.00 12.8 20 | 1.00 19.8
7.00 3 1.00 2.84 12 | 1.00 11.83 18 | 1.00 17.83
8.00 3 1.00 2.86 12 1 1.00 11.86 17 | 1.00 16.86
9.00 3 1.00 2.88 12 | 1.00 11.88 18 | 1.00 17.88
10.00 3 1.00 2.89 11 | 1.00 10.89 26 | 1.00 25.89
TABLE IV !
PERFORMANCE COMPARISON OFSTATIC AND DYNAMIC CONTROL SCHEMES =10, dD_yl‘:)"“&ig gzzﬂgzg zgﬁtﬂ f‘
FOR VARIOUS VALUES OF DELAY THRESHOLD (1t = 1.0) 0.8 d=1& Static overload contro! S— o
d || Static overload control | Dynamic overload control with A = Apqe = i
Amaz | Ymaz E[D] Y E[D] KOP': 06 |
1 |[0.557]0.199] 226 |0.233] 1.36 2 Call throughput
2 ]|0.604]0.330 | 253 |0.375| 1.38 2 0.4 .
3 106420423 279 |0471) 1.71 3
4 0673|0491 3.06 |[0.539] 2.03 4 02 |2 i
5 | 0699|0544 333 |0.592]| 2.07 4 3
10 { 0.782 | 0.693 | 4.59 |0.735| 3.29 8 ;
20 | 0.855 [ 0.808 | 6.91 |0.838 | 5.48 16 0% ; : :
30 | 0.889 | 0.857 | 9.03 |0.880| 7.51 24 0 2 - S 8 10
Arrival rate (\)
40 | 0.909 [ 0.885 | 11.05 |0.904 | 9.43 32
50 |1 0.923 1 0.903 | 12.98 | 0.919 | 11.29 40 Fig. 5. Comparison of call throughputs under various overload control
100 || 0.954 | 0.944 | 21.89 |0.953 | 20.20 84 schemes, for the same delay threshold
20 T T T T
decreases with increasing arrival rate. Table Il shows the co : d=10, Dynamic overload control <—
. . : d=10, No overload control -+ -
puted values of optimal buffer size, call throughput, and the a : d=10, Static overload control S
erage delay for various values of arrival rate. As shown by tl e : i
table, it is possible to achieve call throughput very close to tl :
maximum server capacity, without increasing the delay. This 10} H .
improvementin performance is achieved my minimizing the u®3! setup delay :
productive processing of call setup requests. Table IV compa *
the performance of static and dynamic overload control schen 5T e H
for the same value of arrival rate,,... This indicates that the '
dynamic overload control performs better than the static ove 04 ! ! ! .
load control. Figs. 5 and 6 summarize the performance of v 0 t 2 3 4 5

. . Arrival rate ()
ious overload control schemes. The dynamic overload control

significantly outperforms the static overload control at highetig. 6. Comparison of average call setup delays under various overload
values of offered load. For example, whénr= 10, with static schemes, for the same delay threshold.

overload control, the offered load is limited to 0.782 and the cor-

responding values of maximum call throughput and the averagjese to the processor capacity can be achieved with much lower
delay are 0.693 and 4.59, respectively. With dynamic overloadlues of average delay, as shown in Table Ill. At higher values
control, there is no limit on the offered load and call throughputf offered load, higher values of call throughput is achieved with
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lower values of average delay. As shown in Fig. 6, the avera T Y
delay under dynamic overload control takes a sawtooth prof 0.9 7
under overload. Also, the variation of this delay with arrival rat 0.8 31 = %8 33 = gg E— b
is found to be large for larger values of delay threshbldnder 07 dy =10,d, = 10 <— |
overload, the buffer requirement is found to increase linear 0.6 i
with the delay threshold. End-to-end

0.5
2) Performance Under OverloadWhen the offered load to throughput
the queue is much higher compared to its capacity,X.&s 1, 04

(3) reduces to 0.3 g8 i
o . 0.2 188 .
d)?
Y= efﬂd Z u ) 0.1 & L L t
= 4! 0 2 4 6 8 10
. =K . Arrival rate
This shows that, under overload, the call throughput can be im-
proved by using smaller values of buffer size. Fig. 7. Comparison of end-to-end call throughput in a two-node network,

3) Implementation of Overload Controlmplementation of Under various combinations of delay bounds.

the static overload control is easier than that of the dynamic

overload control. The dynamic overload control can be imple-5) Call Admission Probability: A call will be admitted to the
mented as follows: measure the offered laaahd use this value network if and only if:

to compute the optimal buffer siz&,,,, that maximizes the . it does not overflow due to unavailability of buffers;
value ofy given by (3). Reject an incoming call if there are . jt js not dropped due to excessive delay; and

Kopy calls in the queue, including the one under processing. In « jt is not blocked due to unavailability of transport re-
the analysis, itis assumed thadoes not vary with time. In prac- Sources.

tice, one may make a quasistatic assumption of arrival processr o atore, when these three events are statistically indepen-

i.e., A does not vary during_ a_given interval _and use the SaPBnt the call admission probability of the networkis- ¢, ) x
value of K, throughout this interval. If the interval is smaII,LS1 —a) x (1—q)

then the control will be more effective but the number of comp
tations required will be large. If the interval is large, the control
will be less effective but the number of computations required
will be small. In any case, the numerical examples quoted indi-Simulation experiments were carried out to understand the
cate that the optimal buffer size is not large for reasonable valyssformance of the overload control algorithm in a network with
of d and hence the number of computations required is also matiltiple switching nodes, as shownin Fig. 1. The arrival process
large. to Node 1 is Poisson with rate The call processing time at
The value of the delay threshold has to be set by the netwaéch node is independent and exponentially distributed with rate
manager, based on the number of switching nodes involved.in= 1.0. The dynamic overload control scheme discussed in
a call path, customer patience, signaling time-out values, eBection Il is applied at each node. The delay threshold at Mode
When there are different classes of signaling sessions havisglenoted ag;.
different delay requirements, different queues have to be main+or a given arrival rate and delay threshold, the optimal buffer
tained with different thresholds. size K, that maximizes the call throughput of Node- Xis
4) Further Improvements to Dynamic Overload Contrét  computed using (3). The arrival process to Node 2 is approx-
the analysis of the overload control schemes, it is assumed timaéted as a Poisson process with rate For a given delay
the call requests in the queue are processed on a FIFO bakieshold at Node 2, the optimal buffer size is computed using
These performance results are expected to serve as lower boBjisThe call throughput of the second and the remaining nodes
to more sophisticated local call rejection mechanisms suchaxe found through simulation. Again, by approximating the ar-
push-out or time-out along with a LIFO service discipline, agval process to these queues as Poisson processes with rate
considered in [9], [21]. For example, when the request is readgual to the call throughput of the preceding queue, the optimal
for processing, it is possible to decide whether the waiting tinbeiffer sizes are computed and used in the simulation.
of request has already crossed the delay threshold. If it hadwo scenarios were considered for detailed study.
crossed the threshold, the request can be dropped without bein§cenario 1: A two-node network with unequal delay bud-
processed. Even if the waiting time of request has not crosggting where delay threshold of the first node is always 10 and
the threshold, an intelligent prediction algorithm can predickelay threshold of the second node takes values of 10, 20, ...,
whether the total delay is likely to cross the threshold had tB®6. This scenario gives rise to end-to-end delay bounds of 20,
request been processed. Accordingly, a decision can be takén..., 100.
whether to drop the call or not. Other ideas for further optimiza- Scenario 2: A network of two to ten nodes with every node
tion include priority treatment based on the number of switchirtgaving an equal delay threshold of 10. This scenario also gives
nodes traversed by the request or the total delay accumulatise to end-to-end delay bounds of 20, 30, ..., 100, depending
at the preceding switching nodes, etc. However, the impactai the actual number of nodes involved.
these service disciplines on the call setup performance is notJnder Scenario 1, the end-to-end call throughput is shown in
addressed and is beyond the scope of this paper. Fig. 7. The call throughput of Node 1 is as shown in Table IlI.

IV. EXPERIMENTAL RESULTS
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Fig. 8. Comparison of average end-to-end call setup delays in a two-ngdg. 10. Variation of end-to-end call throughput with different number of
network, under various combinations of delay bounds. nodes in tandem, with equal budgeting of delay bounds among the nodes.
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Fig. 9. Comparison of optimal buffer size at the second node in a two-node
network, under various combinations of delay bounds. Fig. 11. Variation of average end-to-end setup delay with different number of
nodes in tandem, with equal budgeting of delay bounds among the nodes.
The excess offered load gets controlled at this node either
through buffer overflow or through call dropping. As a resultall throughput of Node 1 is as shown in Table Ill. The excess
the offered load to the second node is bounded by the caffered load gets controlled at this node either through buffer
processing rate of the first node. It is observed that whet overflow or through call dropping. As a result, the offered load
0.6, Node 1 acts af /M /1/~c queue without any control andto the subsequent nodes are bounded by the service rate of the
the call throughput is approximately equal to the arrival ratérst node. When\ < 0.5, the end-to-end call throughput is
When 0.6< A < 2.0, the overload control comes into effecapproximately equal to the arrival rate. In a ten-node network,
and the call throughput becomes less than the arrival rate. Ithie end-to-end call throughput under overload is approximately
found that the behavior of Node 2 closely approximates that 8% of the call processing rate of the first node. In this case also,
anM /M /1/K queue with dynamic overload control. it is found that the behavior of Nodes 2—10 closely approximates
Under Scenario 1, the average end-to-end setup delaythat of A/ /M /1/K queues with dynamic overload control.
shown in Fig. 8. This is the end-to-end setup delay of all calls Under Scenario 2, the average end-to-end setup delay is
processed at Node 2. The end-to-end delay of calls contributtbwn in Fig. 11. All nodes have the same delay threshold of
to the end-to-end call throughput will be less than this valu#0. This is the end-to-end setup delay of all calls processed
The average end-to-end delay is found to be less than or eqatathe last node. The end-to-end delay of calls contributed to
to 40% of the end-to-end delay bound, in all the cases observée: end-to-end call throughput will be less than this value.
This gives room for overprovisioning of the delay bound, iThe average delay is found to be less than or equal to 40%
actual practice. The variability of this delay is found to bef the end-to-end delay bound, in all the cases observed. This
significant when\ is close to 1. As in the case of a single nodgives room for overprovisioning of the delay bound, in actual
analyzed in Section Ill, a sawtooth behavior of this delay ractice. As in the case of a single node analyzed in Section I,
observed in the overload region. a sawtooth behavior of this delay is observed in the overload
Under Scenario 1, the optimal buffer size required for Noderggion.
is shown in Fig. 9. As the value of delay threshold increases, theFig. 12 compares the end-to-end throughput performance in
optimal buffer size also increases. Among the values shown, Beenarios 1 and 2, for providing the same value of end-to-end
highest value of buffer size computed is 87, which correspondslay bound. This could be useful to decide the route when
toA = 0.7 andd, = 90. multiple routes are possible to the same destination but with
Under Scenario 2, the end-to-end call throughput is showlifferent number of nodes. In the overload region, Scenario 1
in Fig. 10. All nodes have the same delay threshold of 10. Tigeres much higher throughout compared to Scenario 2. This
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09k nd-to-end bound=60;¢; = 10, dy = . COMPARISON OFTOTAL BUFFERREQUIREMENTS FOR THESAME END-TO-END
i End-to-end bound=100; d; = 10,dy = 90 + -
08 7 End-to-end bound=60; d; = d21= L d; -10 & | DELAY BOUND UNDER THE TWO SCENARIOS
’ & End-to-end bound=100; d; = dy = ... = d1p = 10 x--
0.7 r A No. of buffers for No. of buffers for
&l end-to-end delay bound = 60 | end-to-end delay bound = 100
0.6 F DA - X i i e e e > _ . - -
End-to-end Scenario 1 Scenario 2 Scenario 1 Scenario 2
0.
throughput 0.1 30 84 30 140
0.4 B 0.5 59 60 63 100
03 i 1.0 50 49 88 85
2.0 43 45 78 81
02 @ 7100 40 43 73 79
0.1 % : - :
0 2 4 6 8 10
Arrival rate

two scenarios. At low load, the total buffer requirements in the
Fig. 12. Comparison of end-to-end throughput under equal and uneqhi¥0 scenarios differs considerably. The difference is significant
budgeting of end-to-end delay bound. at higher values of end-to-end delay bound. At higher loads,
the buffer requirement for the two scenarios are approximately
the same. The total buffer requirement is an indication of the

45 T T T T

L g ; ) .
0 I T computational complexity of the overload control algorithm.
Br TR 7 Therefore, the tradeoff between the number of nodes, call
S Lo 7 throughput, and average end-to-end delay needs to be consid-
Average | . .5 ] ered while deci(_jing the route budgeting the end-to-end delay
end-to-end delzg X End-to-end bound—=60; d; = 10, ds = 50 o T bound among different nodes along the route.
15 k. End-to-end bound=100; d; = 10, d; = 90 + -
: End-to-end bound=60; d; = dp = .. = dg = 10 B~
10 nd-to-end bound=100; dy = dy = ... = dyg = 10 x-- V. CONCLUSION

. ‘ \ [ A distributed overload control algorithm for delay-bounded

0 2 4 6 8 10 call setup is proposed in this paper. The end-to-end delay bound

Arrival rafe is budgeted among the switching nodes involved in call setup,
Fig. 13. Comparison of average end-to-end setup delay under equal &Rd these nodes apply a local overload control with a determin-
unequal budgeting of end-to-end delay bound. istic delay threshold and drop call requests experiencing higher
delays. Using alM//M /1 queueing model with FIFO service

is because of the fewer number of nodes through which thiscipline at a switching node, two optimized control schemes
signaling undergoes overload control. In each case, the excass considered for local overload control and compared their
traffic offered gets controlled at Node 1. Each subsequegmrformance through analysis: one with arrival rate limit and the
node reduces the traffic further, depending on the arrival raieher with buffer size limit. Though both the schemes minimize
and delay threshold. The traffic reduction becomes more withe unproductive call processing at heavy load, the latter is found
smaller delay threshold. In Scenario 2, since the traffic pasgesyield higher call throughput and lower average call setup
through more number of nodes with smaller delay thresholdslays compared to the former. Also, the buffer size required
compared to Scenario 1, the call throughput is correspondinddy the scheme with buffer size limit is typically small and call
lower. Fig. 13 compares the average end-to-end delay throughput close to the server capacity can be achieved during
Scenario 1 and 2, for providing the same value of end-to-enderload. The performance of the distributed overload control
delay bound. In the underload region, Scenario 1 gives bettdgorithm in a network is evaluated through simulation experi-
delay performance and in the overload region, Scenario 2 givasnts, using the scheme with buffer size limit for the local over-
better delay performance compared Scenario 1. The differethaad control. It shows that the average end-to-end delay could be
in the delay performance becomes significant for highenuch less than the end-to-end delay bound, providing room for
values of end-to-end delay bound. In each case, the excegsrprovisioning of the delay bounds. The tradeoff between the
traffic offered gets controlled at Node 1 with average delayumber of nodes, call throughput, and average end-to-end delay
as shown in Table Ill. The average delay at each subsequeeéds to be considered while deciding the route budgeting the
node depends on the arrival rate and delay threshold ancbriid-to-end delay bound among different nodes along the route.
increases with the delay threshold. The variation of the averafjeese performance results are expected to serve as lower bounds
delay with delay bound is found to be nonlinear, especially &t more sophisticated local call rejection mechanisms such as
higher loads. The average end-to-end delay under Scenario @ush-out or time-out along with a LIFO service discipline.
always additive. The nonlinear behavior of the average delayFuture work involves understanding the impact of using
in Node 2 when its arrival rate is close to 1, is the reasmther queueing and service disciplines on the end-to-end
for the worse delay performance of Scenario 1 compared gerformance, different ways of budgeting the end-to-end
Scenario 2. Also under Scenario 2, the end-to-end delay is mdeday bound among the nodes, the effect of overprovisioning
stable in the overload region, compared to Scenario 1. Tablghé delay bounds, and extending these results to other call
compares the total buffer requirements at all nodes together, floocessing events in a switch/router-based fixed and mobile
providing the same value of end-to-end delay bound under tb@mmunication network.
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APPENDIX
ResuLTs ONM /M /1/K QUEUEING SYSTEM

Consideram\{/M /1/K queueing system. Lef be the prob-
ability that there ar@ customers in the system just before a
customer arrival who actually enters the system. Theg p;
because i) no arrival enters the system wi€customers are  [1]
there sorx is zero and i)Y 7t p; # 1. If it is assumed that
r, = kp;,i = 0,1,..., K — 1, then it is easy to show that
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