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Abstract—It is widely recognized that the wireless spectrum is by secondary users of frequency owned by a licensed primary
a scarce and limited resource and that the present practicefo yser. The spectrum commons model employs open sharing
static spectrum allocation and exclusive licensing is inétient. among peer users with an equal right of access as the basis for
While many models have been proposed, approaches generally . . - .
either focus on profit maximization of individuals (such as he managing a spe_ctral region. Howe_v_er, '_t is critical to noese
government or users) or maximization of spectrum utilizaton. models focus either on the full utilization of spectrum oe th
In this paper, we consider an efficient, or socially optimal, profit maximization of governments or primary users, but not
spectrum sharing that consists of three objectives: full (gan-  the efficient (or socially optimat) use of spectrum resources

titative) utilization, effective (qualitative) utilizat ion, and zero from an economic perspective. The dynamic spectrum market
interference. Through a comparative study of these modelssing S L .
model will improve spectrum utilization but is hard to reach

suggested objective criteria, we show a hybrid model congiag e 2 .
of a dynamic spectrum market and dynamic spectrum access full utilization of spectrum due to the deviation of private
supported by cognitive radio technologies that can achievéhe incentives from social incentives when primary users abtiv

social optimum. The dynamic spectrum market enabled by a participate in dynamic spectrum markets [12]. The cogeitiv
benevolent social arbitrator has fundamental differencesfrom radio model may reach full utilization but cannot guararitee

existing dynamic market models in that primary licensed use ffecti f ¢ if d ith het
is not involved in the process of allocating underused speetm, ~E"ECUVEUSE Of SpEClrum IT Secondary Users with hetérogenous

Moreover, the motivation of social arbitrator is to reach saially ~Valuation of spectrum usage have equal access to licensed
optimal allocation of spectrum resources rather than to maimize  spectrum.

profit or revenue of individuals. Our approach focuses on a socially optimal spectrum re-
source management system with three important objectives:
full (quantitative) utilization, effective (qualitatiyeutilization,
Radio spectrum like other resources is limited and scarceand zero interference. Through comparing the advantages an
the provision of wireless telecommunications serviceskBgy disadvantages of the four aforementioned models (the FCC
a better utilization of these spectrum resources has becomedel, the dynamic spectrum market model, the cognitive
a pressing issue [1]. Historically, the allocation of spaet radio model, and the spectrum commons model), we propose
resources has been strictly regulated because of extérgalia hybrid model combining the dynamic spectrum market and
in spectrum usage such as electromagnetic interferenadi-Tr the dynamic spectrum access supported by the cognitive radi
tionally, the practice has been centralized, static, anolegale technology that outperforms the existing models in reaghin
type of spectrum allocation such as the spectrum auctian,good balance of the three objectives of efficiency. The
in which governments assign exclusive rights to transntiybrid model allows anyone to have access to unused licensed
signals over specific spectrum, and this practice is consilespectrum resources with a potentially positive access cost
inefficient as it leads to under-utilization of spectrumowees (depending on changing congestion conditions) payable to
[1], [2]. a social arbitrator (e.g. the government regulator such as
The under-utilization of spectrum has stimulated the ethe FCC). Primary users are excluded from the process of
gineering, economics, and regulatory communities in $earceallocation of unused spectrum to maximize the possible
ing for better spectrum management policies and techniqusegpply of residual bandwidth. It is important to note that th
Three major models have been developed to complementgoal of the benevolent social arbitrator is fximize social
to replace the current auction model of the Federal Commuelfare of spectrum usageot to maximize the profits of any
nications Commission (FCC): the dynamic spectrum markgarty. The optimal equilibrium cost provided in real time by
model [3]-[7], the cognitive radio (CR) model [8], [9], anlet the social arbitrator is theninimumcutoff price that induces
spectrum commons model [10], [11]. The dynamic spectruamly those users with higher valuation of spectrum usage to

market model requires the government assignin ropert
q Y g g prop 3{An allocation of scarce resources is considegdficient if the social

rlghts to Ilcens_e_z hOIde_rS who can res_e” unused Spectryfiare of using the resources is maximized. In this paper, “efficjérand
while the cognitive radio model allows licensed-exempt usSeocial optimum” are used interchangeably.

I. INTRODUCTION



actually use the resources. In the case of sufficient supplyar under-utilized, resulting in significant waste of speuoir
spectrum resources, the price can be set at zero, essenti@bsources [1], [2].

free open access. .
The contribution of the paper is both pointing the directioﬁ' The Dynamic Spectrum Market Model

of a socially optimal utilization of wireless spectrum from The under-utilization of spectrum has stimulated a large be
an economics perspective and defining three objectiverierite®f literature exploring the issue of dynamic spectrum sigari

to reach the social optimum. We illustrate of how a hybrig"d management [3]-{7], [13]-[15]. The dynamic spectrum
model of dynamic spectrum market and dynamic spectryf@rket model we refer to is a combination of spectrum
access enabled by cognitive radio technologies can agtudlfoPerty rights (with exclusive-use) and hierarchicalcspen
achieve the social optimum by taking good balance of furmarkets, i.e., the spect_rum bands license holders have the
and effective utilization of the limited rescouses. Thet re§9hts to resell part of their unused spectrum to secondseysu

of the paper is organized as follows. Section Il reviews ar@ Profit. A hierarchical access structure can be estabtish
compares the key features of four major models of spectrjfhcoordinate primary and secondary users, thus limitirgg th
resource management: the current license auctioning neddeinterference perceived by primary users. One advantageis s
the FCC, the dynamic spectrum market model, the cognitigBaring is not mandated by the regulation policy, and ecgnom
radio model, and the spectrum commons model, using tABd market will play an important role in driving toward
three objectives as criteria of judgment. Section 1l pregs the most profitable (and hence effective) use of spectrum
the hybrid model in details and derives the optimal acceSS0UlCes. _ _ _

cost that may lead to the efficient, or socially optimal, tesu While well designed, dynamic spectrum markets will cre-
of spectrum allocation. The differences between existing a8t€ incentives for license owners to share spectrum, such
the proposed dynamic market component are contrasted M&rkets are unlikely to eliminate under-utilization fromet
scenario of how to find the optimal price through a case stufgPt because transaction costs of spectrum buyers (segonda

is also discussed. Finally, Section IV concludes the paper. US€rs) and sellers (primary users) can be significant and
private incentives of license holders may deviate from aoci

Il. A WELFARE EVALUATION OF MAJORMODELS OF incentives [12]. To fully utilize spectrum, flexible shdgrm
SPECTRUM MANAGEMENT secondary licenses are needed on infinitely small slotginge

In this section, we use the three objectives of efficier?tf the amount of spectrum, the time windows and the area

spectrum allocation to compare the four major models verage. It is cumbersome for license holders to fully fidgn

spectrum resource management: the FCC model, the dyna %reusablhty of the spectrum in a very fine granularityeTh

market model, the cognitive radio model, and the commo g'ay in negotiating an_d finalizing contracts in auction kear
model. The three comparison criteria used in the followin h also be problematic when both buyers and sellers are self

: ) mterested. A dynamic spectrum market will only arise if the
analysis are: i . .

L o o o transaction cost of license holders is less than the value of
¢ FuII (quantitative) utilization Utilization rr_1aX|m_|za.1t|on, the spectrum to secondary users net of the transaction cost
I.€. the demand for spectrum resources is satisfied to t(fflesecondary users. Study [12] also shows the transition to a
maximum. o e property rights model for spectrum is far more complex than

« Effective (qualitative) utilizationThe spectrum resourcesc(_)mmomy portrayed, and secondary market for spectrums can
are only allocated to those users who valuate and bengfilt v capture and fully accommodate the temporal andaipati

the most from the spectrum usage. __variations in the radio environment in a timely manner.
« Zero interferenceNo overuse so that users do not inter-

fere with each other. C. The Cognitive Radio Model

) L Cognitive radios and opportunistic spectrum access [8], [9
A. License Auctioning: the FCC Model seek technical solutions to the under-utilization probiznd

In the United States, the FCC has been using spectraimnot necessarily lead to any definite design of regimeslanhi

licenses to allot spectrums to applicants. A licensed regimognitive radio users are capable of accessing both theskzk
provides the certainty needed to ensure broad investmentaimd the unlicensed spectrums [16], the cognitive radio tode
the band as can be provided by exclusive licensed usewi refer to is a licensed system plus non-interfering open
is recognized that compared to approaches such as compacess by unlicensed users, which is in line with the common
ative hearings and lotteries, market-based mechanisnhisasucunderstanding of what cognitive radio techniques shalbkna
auctions are more efficient for spectrum allocation [1]. In &he government assigns license holders the guaranteedyprio
well-designed auction, everyone has an equal opportuaityih using licensed spectrum while secondary unlicensedsuser
win and the spectrum is sold to bidders who value it the mos$iave an equal access to the unused or underused licensed spec
hence likely to use it most effectively. However, full utéition trum, given no interference. Cognitive radios create iasegl
will be satisfied only if the bandwidth demand by the primargfficiency by dynamically allocating spectrum. It differ®imn
user is greater than or equal to the bandwidth supply. Astliite dynamic spectrum market model in that the access is open
has been widely shown, licensed spectrums are often unugsgdany non-interfering usage rather than a limited number



TABLE |
COMPARISON OF SPECTRUM RESOURCE MANAGEMENT MODELS

Objective

Model Full (Quantitativg Utilization Effective Qualitative Utilization Zero Interference
FCC Model more inferior primary user only Yes
Dynamic Spectrum Market Mode] inferior primary user+ ranked secondary users Yes
Cognitive Radio Model Yes primary user+ unranked secondary usels Yes
Spectrum Commons Model Yes unranked users Yes (if used with CR)

of secondary users to which license holders sell for profthe spectrum commons model is inferior to the cognitiveaadi

thus can perform better in fully utilizing available spectr model as the latter can at least guarantee the prioritizeatis

resources. the spectrum by the license holder, who values the spectrum
It is interesting to observe, however, such a regime canrbe highest.

guarantee the mogffectiveuse of spectrum resources since Table | summarizes the above four models regarding satis-

everyone has an equal access to the unused spectrunfyitfg the three objectives of efficient allocation of speatr

cognitive radio technology is neutral, secondary users beay resources. It is not difficult to see the tradeoff is between

randomly selected. In cases when users with less valuatfoli utilization and effective utilization. The dynamic egtrum

for spectrum usage were selected, efficiency would not bearket model is superior to the FCC model regarding full

achieved as the resources were not used in the most proeluatitilization, but it is less competitive to the cognitive iad

way. model on this regard; the cognitive radio model is supenor t
the spectrum commons model regarding effective utilizgtio
D. The Spectrum Commons Model but it is less competitive than the dynamic spectrum market

The spectrum commons model gives users license-exempdel on this regard. Intuitively, an improved model can be
access to spectrum, which is open to all and free from eitheehybrid of the dynamic spectrum market model (for effective
government or private control [10]. The commons modeitilization) and the cognitive radio model (for full utibzion).
challenges the exclusive use of spectrum by claiming that ne
spectrum sharing (cognitive radio) technologies allowréuvi
ally unlimited number of persons to use the same spectrum
without causing each other interference. The commons modeWhile many interests have arisen in dynamic spectrum
is not an alternative to command-and-control regulatiart, bsharing with market forces, the objectives primarily arhesi
in fact shares many of the same inefficiencies of that systémmaximize the profit or revenue of license holders [4], to
as a commons must be controlled either by private actorgximize the primary user’s utility [7], to maximize the fito
or by the government [11]. In addition to the resource oveof all secondary users [6], or to maximize auctioneer’s nene
usage problem characterized by the “tragedy of the commonf8]. None of the objectives is necessarily consistent with
this extreme commons model can be inefficient by itselocial optimum. Instead, we formulate a framework in which a
The commons model cannot guarantee the effective usesoftial arbitrator (e.g., government regulators such af@@),
limited spectrum resources: when all potential users of thather than the primary user, coordinates secondary ueers f
same spectrum have an equal access, the spectrum maydmessing the residual licensed spectrum of the primary use

IIl. M ODELING ANALYSIS: SOCIAL OPTIMUM OF
SPECTRUMALLOCATION

actually used by users who value the spectrum less. (Figure 1). There are two major differences with this dynami
. spectrum market component compared with other dynamic
E. The Comparison of the Four Models market models. First, since the primary user is guaranteed t

As discussed above, none of the four models is optimgatioritized power to get access to the licensed spectrum, th
characterized by the three primary objectives. The FCQ¥imary user is neutral to the social arbitrator’s choicel an
auctioning of exclusive licenses will avoid interfereness- therefore not involved in the process of allocating unused o
sure a high quality of service, and foster investment in thenderused spectrum. Second, rather than to maximize profit o
band, but not every channel in every band is fully utilizedevenue of individuals, the motivation is totally diffeteithe
Market-based dynamic access has the potential to increaseial arbitrator isbenevolentwhose motivation is to reach
spectrum utilization, but it can be costly and may suffenfro socially optimal allocation of spectrum resources.
misaligned incentives. Cognitive radio technology engsble On the other hand, the dynamic spectrum access component
licensed-exempt use of frequency owned by a licensed paatiows open-access enabled by cognitive radio technddogie
but it cannot guarantee the most effective use of spectriimis important to observe, however, that in order to select
resources. Managing spectrum as a commons can satisfy tthee most effective secondary users, aost of access has
full utilization and zero interference objectives (if useith to be implemented so market forces can work to reveal
cognitive radio technology) but it cannot guarantee theceff secondary users’ private valuation of spectrum usage. One
tive utilization of the spectrum. Regarding effectiveiatition, implementation of the proposed hybrid regime can be a lieens



left after serving the primary user.

The valuation of the spectrum by a secondary uskpends
on the profit (i.e., revenue minus cost) of usdor using the
spectrum, denoted as;. The revenue of secondary useis

\/f on other secondary users’ requests and the residual spectru

X : Social Arbitrators
Auctioneer i optimizer: (full, effective utilization)

MAR

license / bid ™ . I . . : ; ;
A \ Optimal equilibrium r; - s; wherer; is useri’s per-unit-spectrum revenue which is
VR R ~ price (P¥) e ) e
y . v 3 positively related to the user’s spgptrum usage efﬁueiﬁby_z
(usgr 1) } / by 2 cost of spectrum allocation for uséis p(S, R) - s;. The profit
{ spectrum 27N } spectrum @ 8  of user: is therefore
! request (S,) /7 // | request(s,) g g
/ L N 5 3
- > A~ : PN Cognitive Radio »— - T, = \r; — S.R))-s; 2
e e “
Vool (usern) g where (r; — p(S, R)) is the per-unit-spectrum profit for user
v/ » 1. Since the social arbitrator charges an equal price to all
v v
Cognitive Radio b secondary users, the ranking of secondary users’ valuafion
CL the spectrum resources is identical to the ranking of searynd
(user x) — _J

users’ revenue generated from each unit of the spectruneusag
Fig. 1. Architecture for an efficient dynamic spectrum shgriThe primary which depends on t,he u,sers SpeCtI’l.Jm usage efficiency.stho
user is interest-neutral and is not involved in the procdsslocating unused S€condary users with higher valuation of the spectrum ae th
spectrum. Cognitive radios allow dynamic and non-interfiee access among ones whose demand for the residual spectrum is satisfied, the
sect_)_ndgry users while a real-tlme trading market detesname optimal effective usage of the spectrum would be achieved.
equilibrium cost for full and effective use of residual spem. .
The demand for spectrum by secondary users vary with
secondary users’ needs. The supply of the residual spectrum

auctioning system plus open access with a varying pricechad® @S0 varying according to the primary user's instantaseo

on instantaneous changes in demand and supply of residi3f Of the spectrum. As secondary users have the option of
spectrum. Such a regime would become the cognitive radlgt 2Cessing the spectrum thus avoiding paying the cdseif t

model if the price is set to zero when the supply of residuff€dPack price exceeds the revenue, €5, 1?) > r, they are
spectrum is sufficient to satisfy all secondary users’ regue ruthful when requesting for spectrum to the social artira
for spectrum. Thus the objective of the model is not to The social arbitrator’s optimization problem is formulkte

maximize revenue from collecting fee, rather, the fee stodf the following objective function (Equation 3) to set aqei
be the minimum cutoff price that is sufficient to select all?(5 &) based on the spectrum request information collected

secondary users with higher valuations to maximize spectrffom secondary users to reach full and effective utilizats
the residual spectrum:

utilization.
Let s, denoting the requested spectrum size by usbe n
non-negative{; > 0) andS = 3.7 , s; be the total demand minimize : |R =) bil 3)
for the residual spectrum by secondary users. The supply of =2
residual spectrumR = S — s;, varies over time dependingwhereb; is the actual spectrum usage by useand
on the actual usage of the spectrum by the primary user. .
Social arbitrators collect information from secondary rese b; = { 54 !f p(3, R) <ri, 4)
‘ 0, if p(S,R)>r;.

regarding their demand for the spectrum size and price they
are willing to pay. Based on the collected information, the If secondary users are ranked &s > r3 > ... > r, >
social arbitrator provides an access cost according tepuivé  ...r,,_; > r,,, the optimal price would bg*(S, R) = r, such
function p(S, R) and sends the price feedback to secondatlyat 7 , b, = R. p*(S, R) is by nature a cutoff price, the
users, who access the spectrum of their requested size atrtfiimum price that prevents the secondary users with lower
given price. The pricing function of the social arbitrator tvaluation of the spectrum from using the spectrum. To avoid
charge secondary users is assumed to be non-negative and imerference, the demand by the cutoff usemay only be

decreasing folS > 0: partially satisfied. In the case ofS < R, p*(S,R) = 0, and
n all secondary users will have free open access to the unused
p(S,R) = p(z si, R) (1) licensed spectrum.
=2

A. Economic Justification and Evaluation of Social Optimum
wheredp/dS > 0 anddp/OR < 0. The secondary users areof Spectrum Allocation

not price-discriminated, i.e., they are all charged withsame  The social optimum of wireless spectrum utilization can be

unit rate (minimum cut-off price). With such a non-constanfiystrated in Figure 2. The left vertical axis is the prieat
pricing, the spectrum cost for each secondary user not only

depends on his/her own spectrum size request but also depentfo avoid partial service, the price can be easily adjusteeitelr , ;).



the spectrum would be realized. Therefore, the optimahnegi
balances all the three important but often conflicting ofijes

of spectrum management: full utilization, effective atition
Eopimum g5 and no interference, making the hybrid regime superior as
oo it takes care of both spectrum utilization maximization and
spectrum effectiveness maximization.
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B. Case Study and Discussions

Although some accessostis required to differentiate users
for the effective use of spectrum resources, the access cost
has significant difference from existing auction-basedadyic
spectrum market models that often focus on providing eco-
nomic incentives for primary users to share their spectrum,
and the auction outcomes resulting from profit maximization
Fig. 2. A Pareto chart showing efficient (socially optimapestum fOr the primary users are not necessarily maximizing social
allocation. The widths and heights of descending bars ateithe amount welfare. For example, a profit-driven primary user may not
and the valuation of the spectrum bandwidth demand by fggerpus users, pffer some spectrum for auction if doing so is not profitable
respectively.E,p¢imum iS the highest level of effectiveness (cumulative social . s
valuation) that can be reached at the optimal price due to transaction costs or competition concerns. In the
proposed dynamic market component of the hybrid model,
all unused or underused spectrum resources are supplied to

valuation of per-unit spectrum by potential users. Tie the secondary market automatically, independent of pgmar

users are ranked by their valuations of per-unit spectrdrlﬁers’ deg|5|on-mak|rf'g The essential d|ffe_rence betw_een
usage from the highest to the lowest, with usemas the these auction models is therefore the exclu.smn of the pyima
lowest valuation of the spectrum usage. When potentialsus&S€'s from the dynamic reallocation of licensed spectrum.
are ranked according to their individual valuations of somE® Maximum possible supply of licensed spectrum to the
spectrum, we can derive the private value curve (analogn)uss?condary market can bg reached that h‘?'ps reduce price
the demand curve in the market supply-and-demand analyﬁgfj leads to more ut_lll_zatlon. The cutoff price can be zero
of the spectrum, as the descending bars illustrated in EigL'J'P the case of insufficient demand or sufficient supply of
2. The right vertical axis is the cumulative percentage ef tFPECrUM thus secondary users may access spectrum free of
total valuation as shown by the cumulative valuation cunf@'@r9€. On the other hand, if the spectrum access cost is fee-

provided by the Pareto chart. The horizontal axis represeﬁtased' eglisting f(_ae—based open accehss rrl;odels requireet(;lehfe
the spectrum size. For illustration purposes all bars aranof e payable to primary users [17]. It has been suggested that

equal width meaning all users demand for an equal share“8f3nse holders create “private commons” [18] allowing arfo

spectrum resources. Radio spectrum resources are of dimif? unlicensed access which they charge for in some form.

supply and the supply of the spectrum bandwidth is fixed &S IS indeed an extreme case of dynamic spectrum markets
S (middle vertical line). IfS)7" s, < S, spectrum resources Where the license holder keeps an implicit contracts with an
1= —_ )

would not suffer from overuse, but 7, s; > S, which is secondary user who agrees in advance to pay the license holde
I i=1°1t l

more likely, the spectrum would be overused if all users wefe fee for accessing the licensed band. Following previous

allowed free access analysis, economic incentives by primary users can deviate
. L : from social incentives, leading to unexploited opportiesit
The social arbitrator in the proposed optimal model would I L
! when the equilibrium price is set above the zero-vacanay-zer
allocate the spectrum usage to the firsisers when the sum.

) interference optimal rate.
of the demand for the spectrum by thesaisers is equal to . . . .
. g = As a hypothetical case study to outline one possible sagnari
the fixed supply of the spectrum, i.€y,; ,s; = S. Note

the demand of usex can only be partially satisfied if the of the hybrid model, suppose a wireless carkiewins Block

remaining spectrum size after serving the fitst— 1) users B of X' MHz FCC auction. Usert’ is thus the primary

is less thars,, which is the demand for the spectrum by usarser who has the prioritized right of accessing the block. As
o eDrecondition of the auction, the FCC rules are to allow

2. Such an allocation of spectrum resources is efficient as f

. L dynamic access to the unused or underused block without
social welfare of the spectrum usage can be maximized. Th o , . )
. . ; $ permission. The FCC can use fine-designed standardized
the highest level of effectiveness the spectrum allocatim

) : : ime-region-block) spectrum packages to make an instan-
reach iSE,piimum, representing the maximum percentage . .
; : : neous market for trading residual Blodk, analogous to

social valuation that can be realized. If free markets cou

. real-time stock exchanges. The FCC supplies standardized
be well developed to coordinate the demand and supply O : .
. packages (with the number of packages depending on the
spectrum resources, market forces would drive the maria pr

to the efficient levep* such that Only the first us_er_s became 3The supply of residual spectrum still depends on the prinuagr’s actual
the actual users of the spectrum, and the efficient usageusd of the spectrum.

®
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Valuation of per-unit spectrum by users
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available residual spectrum) to the spot market, and secgndeffective utilization and zero interference at the sameetim
users compete for the packages in any time period. In thiée argue the importance of social optimum from an economic
scenario, rather than acting as a broker, the governmeitt itgerspective and make an initial attempt proving that a liybri
acts as the seller, enabling the maximum possible supply af dynamic spectrum market and dynamic spectrum access
spectrum bandwidth that leads to full utilization. supported by cognitive radios can satisfy a good balandeeof t
Specifically, considering the trading at timeall secondary three objectives and can achieve the social optimum of eseel
users know the trading price of a standard package (anasogepectrum allocation. Dynamic sharing of spectrum is still i
to one share of stocks) and the total number of packagesitrade infancy. Many complex issues in technical, economidl an
(equivalent to the supply of residual spectrum) in the mesi regulatory aspects need to be addressed before its pdtentia
time period(¢ — 1). Based on the information, secondary useian be assessed and realized. It is our hope that our study
send requests for the number of packages and a bid pricecaf intrigue thinking and discussions in the design of ogkim
a standard package to the FCC. The FCC chooses the lovsgstctrum management regimes.
bid price that would make the number of package demanded
equal to the number supplied (or closest to but less than the
number supplied) and sends the price back to secondary. usdté Report of the Spectrum Efficiency Working GrolCC Spectrum

. : Policy Task Force, Nov. 2002. [Online]. Available: httpniiw.fcc.gov/
For example, if there are two packages available and the top Sgﬁ',cr);poifslhtgfe o [Online]. Avallable ce-gov
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