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Abstract— Currently, wireless priority services (WPS) are pro- public use even in an emergency because the public must also
vided using call queueing with a weighted round-robin schedule pe able to respond to the emergency [3].
based on a fixed parameter. In this paper, we introduce a flexible, The key contribution of this work is to present an analytical

analytically-based scheme for dealing with admission control . . . .
in a cellular network that supports emergency service. In the modeling framework that creates flexible, adaptive algorithms

scheduling scheme, a priority queue is used to ensure the wiseOPerators can easily use. This work builds upon 10 years
utilization of system resources while guaranteeing the priority of of experience in emergency communications research that
public handoff traffic. Also, probabilistic scheduling is considered has included deve|0pment of call admission a|gorithms for
for adaptively ensuring the high admission rate of emergency wireline telephone networks [7], [8], queue management and
traffic and protecting public calls for different traffic demands. . . T

The admission of emergency traffic and public originating traffic packet scheduling pohue_s for th? g_ene_ral I_nternet [9], an
can be flexibly adjusted. Numerical results about the evaluation Internet RFC [2], and traffic prioritization in wireless CSMA
of this strategy are presented and show an obvious impvement MAC protocols [13]. The work specifically related to this
over related strategies. paper began with [8], where both delay-based and preemption-

Keywords: Admission control; emergency traffic: queuing;based approaches were introduced to provide “reasonable”

probabilistic scheduling: channel occupancy: handoff: eXpir‘,!g_riority for_ NS/EP trgffic in wi_reless cellular networks. In
tion [10], a weighted earliest deadline (EDD) based method was

introduced to provide the flexibility of adjusting the priority
between NS/EP traffic and public handoff traffic. Lower com-
I. INTRODUCTION plexity methods were proposed to compute the loss probability

In a society where wireless voice communication capabi"d the average waiting time. Yet in that work the public
ities are pervasive, emergency personnel should be ableCf#inating traffic was not well protected when the emergency
use both government and commercially available systems $gffic was high. In [11] and [12], preemption was consid-
respond to natural and man-made disasters. To provide s¢fd @nd a combined preemption and queueing method was
services, a general sense of priority should be attached Rgpvided to lessen the "harshness” of preemption policies so

emergency calls and to how they are given access to wireld8€Y could be adopted and tuned to practical operation in real

resources. Such priority, however, cannot be absolute, since ff¥/Ironments.

needs of the general public are also very important to address.| "€ Practical algorithms for supporting WPS services by the

For several years, but especially in response to the evefl in cellular network operators were evaluated by Nyquetek
e[g using a simulation study and a in-depth estimation of

of September 11, 2001, the U.S. government and the wirel

telecommunications industry have worked together to speci ffi/c demat::_ds for parﬂcular cells anc(ij o_liﬁ‘erefnt trafrf]ic types
a technically and politically feasible solution to the needdVS/EP: public, etc). The recommendations from the report

of homeland security for priority access and enhanced ¢ pve been used by operators. Our work seeks to use analytical
@ethods for the same purpose, and the analytical methods

completion. This has resulted in definition of an end-to-en q q h fic load ; ¢
solution for national security and emergency preparedne@@e not dependent on the traffic load assumptions of [6], so

(NS/EP) calls called the wireless priority service full Opergontrol strategies can be adapted to actual measured traffic

ating capability (WPS FOC) [4], [5]. First-responders, NS/EIK)adS instead of general assumed traffic loads. In [6] a series of

leadership, and key staff are able to use this capability I&gllqueueing and sch_eduling based polic_ie; are introduced_and
using allocated access codes. compared for supporting emergency traffic in the commercial-

This work focuses on the critical issue of tuning WPS cai ed wireless cellular network. In their work, they emphasized

admission controls so that a proper relationship is enforcé t th_e priority of emergency traffic can be guafa”teeo_' by
' fjueueing emergency calls when no channels are immediately

types of traffic have requirements for access to resourc@éa'lable' They show that normally the emergency traffic will

that should be bal d, iallv keeping i ind th tngt be more thgn 10% off[he normal_engineered load of a cell,
a shou © balanced, especialy keeping In min a the admission of public traffic will not be affected much.

reasonable amount of spectrum must remain available foF i . .
P Téurthermore, if the emergency demand is high enough that it

This work is supported by the United States National Science FoundatfeAl take mU_Ch of the available resources ina cell, queueing
under CAREER Award ANI-0133605. of both public calls and emergency calls is proposed and a



round-robin like scheduling policy is provided. Out of every Il. BASIC MODEL
four channels released, one will be used to serve emergency

calls; in other words, a 1/4 weighted round robin schedule 1s
proposed. As in [10], the main three types of voice calls we deal

The main idea in Nyquetek’s report is to guarantee that'4th are emergency calls, public handoff calls and public
portion of the resources will be available for public users whil@figinating calls. There is no handoff for emergency calls;
providing some priority for emergency traffic. But a problen}Ve assume most emergency users will be stationary within
with this scheme is that it is not flexible; the scheduling disaster area.

traffic volume for NS/EP traffic. faction for customers, dropping of handoff calls should be

Their estimation of traffic load for NS/EP leadership and ke yoided as much as possible. Also, handoff 'tra_ffic gener.ally
gl not be high, so in our strategy we use priority queueing

staff at each cell is an average view, which may not be accur

in particular cases. For example, when a man-made or nath?ij give the handoff traffic the highest priority. In contrast to

disaster happens, first-responders will commonly concentrds resource _re_servatlon _stra_tegy used in [6] (use 0 f gu_ard
annels), priority queueing is better at guaranteeing high

in certain locations, possibly making the NS/EP traffic at tho T . :

cells very high. Certainly the 1/4 parameter could be adjusté stem utilization because channels are not kept idle in an
by re-running Nyquetek’'s same simulations on-demand wh sence of handoff caII_s. .
traffic loads are at variance from assumptions, but this would " [3]: the FCC provided recommendations and rules re-

be impractical. Many simulations would need to be run, eadprding the provision of the Priority Access Service to public

taking significant processing time, and a search procedd ey Personnel by commercial providers. It required that

over several simulations would need to occur to find the bedt @l times a reasonable amount of CMRS (commercial
scheduling parameter. In this paper, we provide an analytidgpbjle radio service) spectrum 1s made available for public
model that can easily be used to yield the same resultifge: 10 meet the FCC's requirements, when the emergency

choice of scheduling parameter, and with greater certaintt‘&?ﬁic is under the certain “protection threshold”, we should

since simulation results have inherent stochastic inaccuracig¥€ high priority to emergency traffic; when the emergency

Also, in Nyquetek’s report, user behavior is not considere%}L"’“’TIC is extremely high so that it can take most or all of

In their evaluation report, they just consider a timer in th? e radio resources, we should have a corresponding strategy

equipment (at the base station) and assume that the users wiIIaVOId the starvation of public traffic by guaranteeing a

be removed from the waiting queue after this fixed time Iimifertam amount of radio resources will be used by public. The
ends. But in real life, when the users have waited too Iongﬁ
they will become impatient and drop the calls by themselveg

Basic scheme and assumptions

rotection threshold” can be decided by each operator and
us is changeable. So our strategy should be able to deal with
bove requirement for any “protection threshold” value, this

This behavior has been called reneging [14], [15]; the timg . e introducadaptive probabilistic scheduling strategy
before reneging is different for each user and is generalmstead of fixed scheduling like in [6].

treated as exponentially distributed [15], [16]. Also consider The basic scheme we are to use is illustrated in Fig. 1. In

Fhe fact that handoff Ca”S.W'I.I move out of the handoff areghe figure, Class 1 is for public handoff calls, Class 2 is for
if no channel is assigned in time in the new cell. We call thg o qancy calls, and Class 3 is for public calls originating
total behavpr of leaving the waiting queue due to IMpatienggy y \within the cell. When an incoming call fails to find
as “expiration”. free channels, they will be put into individual queues until

In this paper, we address the flexibility issue by providinghe queues become full. The calls in the handoff queue will
an adaptive probabilistic scheduling strategy. When an iggke the channel once it become free. If there is no call in
progress call ends, a queued NS/EP call is chosen withhgndoff queue when a channel is freed, a call will be randomly
certa_lin probability. Otherwise, a queued public call is put intghgsen from either emergency queue or public originating
Service. gueue according to the scheduling probability already set.

Also, instead of using a channel reservation scheme (al$he scheduling probability for emergency traffic is denoted
referred to as guard channels) for public handoff traffic, whichs P,. The algorithm to decid®, at different cases are to be
was suggested in [6] and can cause low utilization of resourc@stroduced in section Ill. The queues are finite and customers
we use a priority queue, where handoff calls are queuedn be impatient when waiting in the queue, so blocking and
and given highest priority when a channel becomes availablxpiration are possible.

This guarantees the success of handoff and accomplishes wisg/e assume that the expiration times of all three classes of
utilization of radio resources at the same time. calls are exponentially distributed with possible different rate
In Section I, the basic model is presented and the compwhich can be denoted g8.;p1, ftexp2 aNd fezp3 SEparately.
tation of main performance metrics is also shown. Sectiohnd similar to what's used widely and also assumed in [6],
Il provides the algorithms for assessing the handoff rat@ll call durations and inter-arrival times are independently,
determining the parameters for the probabilistic schedulinglentically, and exponentially distributed. We can build a 3-
and switching between two scheduling modes based on theMarkov chain to model the behavior of the three classes of
amount of NS/EP traffic. The numerical results are shown imaffic. This is shown in Fig. 2. In which the total number

Section V. Finally, Section V concludes this paper. of channels isC, and the queue lengths ark;, Lo, L3



- Blocking for the public handoff and originating traffic
Az P happens when the corresponding queue is full. From Fig. 2
chamnels | we can see that:

A3 Ly L3

s r, Ppy=Y_Y P(C, Ly,jk) 1)
=0 k=0
L1 L3

Fig. 1. Probabilistic scheduling scheme Pgo = Z Z P(C,i, Ly, k) 2)
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(2) Expiration Probability

Using the probability flow method in [10], we can compute
. the expiration probability for each class:
M e : At a state(C, i, j, k), the arrival rate for each class Js,
A2, A3, and the expiration rate for each classyis, juso, kus
independently. The average total number of departures per
unit time from a state for expirations by class 1js,. Then,
the probability of expiration is the fraction of expirations per

unit time over arrivals per unit time, hendig'— For class 2
calls this |5’§“, and is ’;’“ for class 3. Thus, we can find the
overall expiration probablllty just based on the steady state
probability, the expiration rate, and the arrival rate at each

state as follows:
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Fig. 2. State Diagram for Probabilistic Scheduling Scheme Ly Ly Ls i
PEzp ZZZ‘P C,Z,j, 83017, (5)
=0 j=1 k=0
individually. Each state is identified as (n,i,j,k), wheteis
the number of channels used, k is the number of calls L1 Lz Ls
. ’ X L lLex ,
in handoff queue, emergency queue, and public originating ngp ZZZP C,i,j, k) p (6)
gueue respectively. The arrival rate for handoff, emergency =0 j=1 k=0
and originating calls is\1, A2, A3, and the service rate for all  (3) System utilization and channel occupancy
calls is . The channels are not fully used when there are still free

We can see that the Markov chain in Fig. 2 does not hawfiannels available. When there atechannels being used,
product form solution. This is because the boundary (fir¢hat means” —n channels are not used, and the total portion
layer) is not product form due to the probabilistic schedulingaf channels not used is thu@g—”. So the system utilization
So state probabilities will be obtained by solving the globaitan be calculated by considering those portion of channels not

balance equations from this Markov chain directly. used at those possible states:
c-1
. C —n)P(n,0,0,0
B. Performance Evaluation SysUtil =1 - ( ) C(‘ ) (@)

With the state probabilities solved, performance metrics can =0

be computed for blocking, expiration and total loss probabil- we .d((ajﬁrt;e “chahnntlal occufpanfcfy” ashthe p(Ithion of chaqnels
ity, admission probability, average waiting time, and chann@CcUPied by each class of traffic. Channel occupancy is an
occupancy for each class. important metric to measure whether the public traffic is well

In the system we introduced, the loss of each class cons@f%’lte(:ted when emergency traffic is heavy. After the system

of two parts: those calls that are blocked when the arrivals fi ”z:monhls obtained, with thﬁ dassumptu;n thr?t eaclh class of
the queue full; and those calls reneged (also called expiret as the same average call duration, the channel accupancy

when waiting too long in each queue. So we hallg;,; = each class can be calculated by comparing the admitted
0s8s, 7, -
Pp i + Pgap,; for i = 1,2,3. The admission probability can be trafhc of each class, which is:

calculated asPadm,i = 1 — PrLoss,i- ChanOccp; = Ai(1 = Pross.i) SysUtil  (8)
(1) Blocking probability S0 N1 — Pross.:)




(4) Waiting time A. Computation of accurate arrival rate of handoff traffic

Those calls waiting in the queue can be patient enough toas mentioned in [17], based on the assumption of handoff
wait till next channel become aVailabIe, or being impatient th% and handoff out in each cell are equaL the arrival rates of

it will leave the queue before being served. The average tinggiginating and handoff calls satisfy such condition:
staying in the queue (despite whether it is served or not at last)

can be calculated using Little’s laW; = 5= Note that A= A Py(1— PP") (13)
the effective arrival rate at each queue will hg(1 — Pg.;), 1 — Pp(1 = Pf°)

and the average queue length for each clagé,is. The mean  \where P, is the probability that a ongoing call will hand-
queue length for each class can be easily calculated basedofl )\, and ), is the rate for handoff call and originating

the steady states we get, so we have: call individually, corresponding to\; and A5 in our above
L. Ly denotationP/1° andPLO’"g is the failure probability for public
Z Z Z iP(C.i, j, k 9) originating calls and publiq handoff calls in a cell individually,
por- e v M(1=Pp 1) corresponding ta?} and P} in our denotation.

In our scheme, the handoff traffic is treated as the highest

Li Ly Ls P(C priority, and the traffic volume is not large, which makes the
ZZ % (10) loss rather small, so the equation (13) can be approximated
0 OkOAQ 1—PB2) aS
1=0 j= . (1 - POTg)
Ah =Ao—7—FH (14)
L1 Lo 1— Py
ZZZ kP(C,i,4, k) (11) . . . v
par e s X3(1— Pgs) Given P, is fixed, the ratio of originating calls to handoff

calls are decided by the loss probability of handoff and
The blocking probability for each class can be calculateffiginating calls. From above sections we can see that the
using equations (1) (3 ). loss probability is decided by the arrival rates. Obviously this
is a recursive problem, so we will use an iterative algorithm
to decide the accurate arrival rate of handoff calls. The loss
I1l. ADAPTIVE PROBABILISTIC SCHEDULING probability of each class can be expressed in terms of arrival
ALGORITHMS rate of each class after solving the Markov chain shown in

Denote the “system capacity” as the largest throughput Efg 2. Irt; el;"lCh |fterat|or;] V\lle jusl; niEd to repllace the value of
the cell. In other words, it is the total service rate of théOSS probability for each class by the new values.

cell, so it is Cu. To facilitate analysis, we assume that the
normalized system capacity is 1. So the “protection threshol@: Algorithm for deciding scheduling weight parameter
of emergency traffic -\, will always be less or equal to 1.  The algorithm to find the scheduling probability for emer-
The basic principle for the scheduling between emergency agéncy trafficP; is:
public traffic is: when the emergency traffic is less than,, Step 1: Set the initial value ofP, as 1, which means give
we need to guarantee at ledst, .., part of the emergency absolute priority to emergency traffic in opposed to public
calls to be admitted; when emergency traffic is higher thagriginating traffic.
Atnr (SO it is over the “protection threshold”), we need to Step 2: Solving the Markov chain, get the general repre-
protect public calls (including handoff and originating callskentation of loss probabilities with the method we provided
by guaranteeing their channel occupancy is at 1€é&st .. in section 11-B. With the parameters we have, we can decide
The parameters\;y,, Puq—em, Utilp,, can be decided by the admission probabilities for each class. If the admission
the operators upon their perspective requirements. Howevgfobability of emergency traffic is less thd,y_ ..., it means
those parameters are not independent with each other. fiatwe can not increase the admission probability by adjusting
the contrary, they have dependence on each other whichtiig weighting parameter, so we can not satisfy the admission
restricted by the general knowledge that the system utilizatigequirement for emergency traffic, stop here. Otherwise go to
should be less than 1: Since at le@&tilp., part of radio step 3 to search the suitable weighting parameter.
resources should always be guaranteed for public use, to mak&tep 3: Use a binary search method to search for the best
sure this condition also holds whex, < A, we should weighting parameter: LeP, = 1/2, using the representation
have: of loss probabilities we described in step 2, get the loss
Mt Pad—em + Util puy < 1 (12) probability of emergency traffic. If it is larger than the
required value, search the right half space [1/2, 1]; otherwise
So the parameters should be carefully chosen so thsarch the left half space [0, 1/2]. Repeat this step until the
equations (12) is always true. For instance, if we choosgitableP, that meets the requirement of emergency traffic is
Mhr = 0.3, Pig—emn = 0.9, and Utilp,, = 0.7, then found.
Athr Pad—em + Utilpyy = 0.97 < 1.
In the following subsections, we are to introduce the ways When A2 > \y,-, we will calculate the channel occupancy
for computing the accurate handoff rate, and the algorithnas each class using equation (8). And the algorithm for decid-
for deciding the weighting parameter for different load casesig scheduling probability for emergency traffic is basically
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Fig. 4. Channel occupancy for public traffic wheg = 0.3 Fig. 6. Scheduling prob. for emergency traffic whign= 0.5

same as the algorithm above. The only difference is that weFig.5 illustrates the corresponded change of waiting time for

will compare the channel occupancy of public traffic insteagiach class. The handoff traffic has the least waiting time due
of loss probability. to its high priority, and the public originating traffic has the

longest waiting time, but also is less than 6 seconds despite
heavy public originating traffic loads, and this is acceptable
for customers. Also, we can see that as the public originating
In the numerical results that follow, we sat,,. = 0.3, traffic increases, the originating calls need to wait longer and
Pui—em = 0.9, and Utilp,, = 0.7. The handoff probability longer, while handoff calls and emergency calls are almost
is P, = 0.16. There are 100 channels in the cell, and thanaffected.
average service time is 100 seconds. So the capacity of thisNow consider the case when emergency traffic is fixed at
system isCu = 1. The buffer size for for each queue is 5,0.5, which is higher than,;,. We need to guarantee at least
and the average expiration time for handoff, emergency an®% of system resources are used by the public traffic. In
originating traffic is 10, 20, and 20 seconds respectively. Fig. 6, we show the change of scheduling probability with
In Fig. 3, we show scheduling probability versus the arrivakespect to the public originating traffic; the trend is similar
rate of public originating traffic when the arrival rate ofto what we have shown in Fig. 3. Since 70% of the system
emergency traffic is fixed at 0.3. Since emergency traffiesources are used by the public traffic, the part that can be
is lower than )., in this case we try to guarantee 90%used by emergency traffic is less than 30%, so the admission
of emergency traffic to be admitted. We can see that thpobability for it will stay a little bit less than 60% (since
scheduling probability for emergency traffic will increase ag0/time is shown in Fig. 7. At this case the waiting time for
the public traffic increases to cancel the effect of a largemergency traffic basically does not change when the public
amount of public originating traffic. But the change is lessriginating traffic keeps increasing, but the value is much
and less significant as the public originating traffic keepsigher than the 2 seconds for the case when= 0.3.
increasing; this is because the traffic out of the originating In Fig. 8, we show the change of scheduling probability
gueue will not change much after blocking and expirationgiow when emergency traffic changes and when the public
Since the emergency traffic rate is fixed and the admittextiginating traffic is fixed at 2. We can see that the scheduling
portion of emergency traffic almost does not change (beimgyobability for emergency traffic is lower and lower as the
90%), the channel occupancy for emergency traffic stays energency traffic increases to assure that at least 70% of
27% of the system capacity. Note that the system utilizatidhe system resources are used for public traffic. As shown
increases when the total system load increases; that's whyFig. 9, the average waiting time of handoff and originating
the channel occupancy for public traffic also increases, baoalls will not be affected by the increase of emergency traffic
is always less than 73%. It is also always greater than thbecause only a certain amount of emergency traffic (about 0.3)
70% requirement, becausg;,. was chosen properly. This isis admitted. But the delay in the queue for emergency traffic
shown in Fig. 4. will become higher as the emergency traffic increases. The

IV. NUMERICAL RESULTS



T T andtate corresponding theoretical base like tandem expiration and
8f %‘éiﬁi?%i?:ﬁ:ﬁ ] llel irati th f studyi
2 .| parallel expiration are wortny ot studying.
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