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Abstract. A new generation of low-cost, low-power, 
and portable personal computer systems is emerging; 
sometimes these are referred to as palmtops or Personal 
Digital Assistants (PDAs). One of their key features 
is that they utilize wireless communication media, thus 
freeing the user from the constraints of wired or tethered 
communication. In fact, the wireless medium becomes a 
critical component of the I/O subsystem, allowing com- 
munication with fixed servers and other users. In partic- 
ular, the broadcast nature of the wireless medium can be 
exploited to efficiently transmit information required by 
a large number of PDA users (e.g. stock quotes, sports 
updates, etc.), with software on the PDA being used to 
filter the information and present only the information 
of interest to the PDA user. 

We introduce a simPle model, called the airdisk, for 
modeling the access of data transmitted periodically 
over wireless media as being analogous to the access of 
data from a standard magnetic disk. We consider several 
issues related to alrdisks, such as their mean rotational 
latency under certain assumptions. The problem of sch- 
eduling the order in which data items are broadcast is 
analogous to that of determining how data should be 
laid out on the disk. Two problems of laying out data 
so as to minimize read time, given information about 
which data items are of most interest to the clients, are 
defined; both are shown to be NP-complete. We dis- 
cuss ways in which the information about which items 
are of interest to clients can be obtained. Finally we 
consider how to increase the performance and storage 
capacity of airdisks, using the magnetic disk analogy 
as a guide. We suggest using multiple-track ~.irdisks or 
borrowing the idea of Redundant Arrays of Inexpensive 
Disks (RAID) which is used for magnetic disks; for the 
wireless data broadcast environment we call the latter 
approach airRAID. 
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1 I n t r o d u c t i o n  

The  delivery of d a t a  over wireless media  is rapidly becom- 
ing a~ impor t an t  and expanding applicat ion axea. I t  seems 
likely tha t  the use of various wireless media,  such as paging, 
FM subcarrier ,  cellular data ,  and PCS wireless networks [3], 
will continue to increase for delivery of a wide variety of 
d~ta  applications.  Appl icat ions  in the realm of personal  in- 
Iormat ion serv!ces, such as the  delivery of periodieaJly up- 
da ted  news, weather,  stock, trai~ic, and sports  information 
to mobile users, appear  to be poised for explosive growth and 
widespread proliferation. We focus on this class of applicR- 
tions in this paper .  

The  constraints  imposed by wireless communicat ion and user 
mobility, and the resulting l imita t ions  in user terminal  capa-  
bilities, pose interest ing challenges in the design of schemes 
for efficient delivery of personal information services. A sig- 
nificant ~mount of a t tent ion has been paid to the  devel- 
opment  of wireless d a t a  protocols for the various wireless 
communicat ion media  mentioned above. Recently, Imielin- 
ski et a~ [15] have considered the problem of retrieving d a t a  
using an index, as is commonly done for magnet ic  disks, 
where both  the  da t a  and the index axe broadcas t  periodi-  
cally over a wireless medium. This approach builds upon 
previous work done at Bellcore on the Data~ycle computer  
axchitecture [9, 7], in which d a t a  is periodically broadcas t  
over a fixed high-b~ndwidth  wireline network to receivers 
capable of filtering the information relevant to them at high 
speeds. 

We take the  ideas of Datacycle  ~nd Imielinski et ~l a small  
step fur ther  by modeling the periodic broadcas t  of da t a  as a 
vir tual  disk, which we call an airdisk. (In the rest of this pa-  
per, the te rm "disk s or "airdisk" is used to refer to a vir tual  
disk, while a s t anda rd  magnet ic  disk will be explicit ly called 
a "magnetic  disk".)  The performance chaxacteristics of the  
periodic d a t a  broadcas ts  can then be cast in the same terms 
as those used for magnet ic  disks, such as rota t ional  latency, 
seek t ime and transfer  rate.  In sec. 2 we describe the  alrdisk 
model, where a (logically) centralized server broadcas ts  d a t a  
(writes on the disk) ~nd many clients can receive the broad-  
crest (read the disk) and also send messages to the server 
to modify the content  of the next broadcas t  (i.e., write the  
disk). 

In sec. 3 we consider the  case where the  ~irdisk is a One- 
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Wri t e r  M a n y - R e a d e r  ( O W M R )  disk.  In this  case only t he  
server  can wr i te  the  disk.  We show express ions  for the  m a x -  
i m u m  and mean  ro t a t i ona l  l a t ency  of  such a d isk  under  cer-  
ta in  a s sumpt ions .  

One  of  the  s ignif icant  advan tages  of an a i rd isk  c o m p a r e d  to 
a m a g n e t i c  d isk  is t h a t  t he  l ayou t  of the  d a t a  on the d i sk  can  
b e  changed  easi ly  in response  to changes  in the  d a t a  access 
p a t t e r n s .  For  m a g n e t i c  disks such ope ra t i ons  are some t imes  
car r ied  ou t  in o rde r  to  overcome the  I / O  p e r f o r m a n c e  bo t t l e -  
neck p re sen ted  by  m a g n e t i c  disks in para l le l  compu t ing .  For  
example ,  del  Rosar io  et  al [6] descr ibe  compi le r  t echniques  
to d e t e c t  different  d a t a  access p a t t e r n s  in different  phases  of  
a para l le l  p r o g r a m ;  t h e y  then show how changing  the  d a t a  
l ayou t  be tween  two phases  of a paraJlel  p r o g r a m  can signif- 
i can t ly  improve  overal l  pe r fo rmance .  However ,  such ope ra -  
t ions  are  expens ive  for m a g n e t i c  disks as they  involve read-  
ing, buffering,  and  r e -wr i t i ng  of d a t a .  For  airdisks,  on the  
o t h e r  hand ,  where  d a t a  is b r o a d c a s t  afresh at  every  per iod ,  
t h e y  involve negl igible  overhead  at  the sender  and can  be  of 
s u b s t a n t i a l  benef i t  in improv ing  p e r f o r m a n c e  and  conserv ing  
the  l imi t ed  resources  of mobi le  cl ients.  

In sec. 4 we s t u d y  how the  d a t a  l ayou t  on an a i rd isk  could  be  
changed ,  if i n f o r m a t i o n  a b o u t  d a t a  access p a t t e r n s  is avail- 
able,  so as to  min imize  mean  access t ime.  T h e  d a t a  l ayou t  
for a given b r o a d c a s t  pe r iod  is d e t e r m i n e d  s imply  by the  or-  
der  in which d a t a  i t ems  are b r o a d c a s t  by the  sender .  We use 
a i rd isk  access t ime  as a measure  of  pe r fo rmance .  (We also 
briefly discuss issues of energy c o n s u m p t i o n  at  the  mobi le  
cl ient . )  We m o d e l  two  p rob lems  of  d e t e r m i n i n g  the op t i -  
mal  b r o a d c a s t  schedul ing  (i.e., a i rd isk  d a t a  l ayou t )  in g raph-  
theore t i ca l  t e rms  and show t h a t  t h e y  are N P - c o m p l e t e  [10], 
i .e.,  c o m p u t a t i o n a J l y  i n t r ac t ab l e .  We are cu r r en t ly  invest i -  
ga t ing  sub -op t imaJ  heur i s t ics  for these  p rob lems .  In  [12] we 
consider  t he  p r o b l e m  of  ob ta in ing  i n fo rma t ion  abou t  d a t a  ac- 
cess p a t t e r n s  in a wireless  mobi le  env i ronment ,  and  discuss 
severa l  a l t e rna t ive  solut ions .  

One  of the  p r o b l e m s  wi th  ~irdisks is t h a t  as t he  q u a n t i t y  
of d a t a  to  be  b r o a d c a s t  increases,  t he  de lays  involved in ac- 
cessing d a t a  increase .  We use t he  a i rd i sk  m o d e l  to  bo r row 
the  so lu t ion  to  th is  p r o b l e m  used for m a g n e t i c  disks,  i.e., 
to  improve  p e r f o r m a n c e  via  para l le l i sm while m a i n t a i n i n g  
avai lab i l i ty  v ia  r e d u n d a n c y ,  as in the  R e d u n d a n t  A r r a y s  of  
Inexpens ive  Disks ( R A I D )  approa£h  [14, 11] which is in suc-  
cessful and w i d e s p r e a d  use. We call  this  design the  AirRAID, 
and we descr ibe  i t  very briefly in sec. 5. 

2 D i s k s  a n d  a i rd i sks  

We first  s u m m a r i z e  m a g n e t i c  d isk  t e rmino logy  [11]. A mag-  
ne t ic  d isk  consis ts  of  a set of  c i rcular  platters, each of which 
r o t a t e s  unde r  a r e a d / w r i t e  head which can  move rad ia l ly  
across t he  p l a t t e r  surface.  Typica l ly ,  only  a single p l a t t e r  
can be r ead  or  w r i t t e n  at  a t ime. T h e  p l a t t e r  is d iv ided  radi -  
ally in to  sectors. A n  annulax po r t i on  of d&ta on the p l a t t e r ,  

which can be accessed by moving  the  head  only  once to  the  
a p p r o p r i a t e  rad ia l  pos i t ion ,  is cal led a track.  T h e  t ime  to ac- 
cess d a t a  on the  m a g n e t i c  disk  can  be  roughly  d iv ided  into  
t h ree  c o m p o n e n t s .  T h e  seek t ime  is t he  t i m e  to move the  
head  f rom i t s  cu r r en t  pos i t ion  to  t he  a p p r o p r i a t e  t rack.  T h e  
rotational latencyis t he  t ime  which t h e  head  spends  wai t ing  
for the  p l a t t e r  to  r o t a t e  so t h a t  the  des i red  sec tor  is acces- 
sible.  T h e  trans]er time is t he  t ime  r equ i r ed  by the head  to  
t hen  physicaJly r ead  or  wr i te  the  d a t a .  

2.1 S y s t e m  m o d e l  

W e  cons ider  the  de l ivery  of pe r sona l  i n f o r m a t i o n  services v ia  
wireless  b r o a d c a s t  desc r ibed  as follows. A n  i n f o r m a t i o n  ser- 
vices  p rov ide r  gene ra t e s  d a t a .  A fixed, ( logical ly)  cen t ra l ized  
i n f o r m a t i o n  server  pe r iod ica l ly  b r o a d c a s t s  the  d a t a  to a large  
n u m b e r  of mobi le  cl ients  v ia  a wireless  m e d i u m .  As an ex- 
ample ,  t he  server  receives u p d a t e s  of  c u r r e n t  s tock  prices 
f rom t h e  s tock  exchange ,  u p d a t e s  i ts  d a t a b a s e ,  and  per iod i -  
caJly b r o a d c a s t s  t he  u p d a t e d  i n f o r m a t i o n  to the  clients.  T h e  
cl ients  receive the  b r o a d c a s t s  and  f i l ter  ou t  t he  i n fo rma t ion  
which is no t  desi red.  A client  t yp ica l ly  consis ts  of a b a t t e r y -  
powered  p o r t a b l e  device,  such as a pa Jmtop  Pe r sona l  Digi ta l  
A s s i s t a n t  ( P D A )  or  a l a p t o p  c o m p u t e r .  ( N o t e  t h a t  a cl ient  
is a device,  while  t he  u l t i m a t e  h u m a n  rec ip ien t  of  t he  d a t a  
is cal led the  user . )  

In  the  s imp les t  case, d a t a  t r ansmis s ion  is s imp lex  (one-way) ,  
f rom the  se rver  to  the  cl ients.  C o m m u n i c a t i o n  could also 
be  half- or fu l l -duplex .  T h e  c o m m u n i c a t i o n  channe l  f rom 
the  server  to  the  cl ients  is cal led the  downlink, and f rom 
t h e  cl ients  to  the  se rver  is cal led t h e  uplink. If  aJa up l ink  
channe l  exis ts  i t  is sha red  a mongs t  the  c l ients  by  means  
of  A L O H A  or  E t h e r n e t - t y p e  con ten t ion  p ro toco l s ,  or using 
T D M A ,  F D M A ,  or C D M A  mul t ip l ex ing  [16]. T h e  cl ients  
can  use t he  up l ink  channel  to send r ead  or  wr i t e  reques ts  to  
t h e  server.  T h e  server  r e sponds  to  r ead  and  wr i t e  reques t s  
by  mod i fy ing  the  s t r e a m  of  d a t a  i t e m s  sent  in subsequen t  
b r o a d c a s t  per iods .  In  th is  p a p e r  we will a s sume  t h a t  the up- 
l ink,  if  any, is no t  used  for sending  a c k n o w l e d g e m e n t s  to the  
se rver  a b o u t  which d a t a  i t ems  have been  co r rec t ly  received,  
s ince the  d a t a  i t e m s  sent  by  the  se rver  are  no t  addres sed  to 
i nd iv idua l  cl ients  and,  d e p e n d i n g  u p o n  r ad io  channe l  condi-  
t ions,  some cl ients  m a y  receive t h e m  co r r ec t ly  and  some m a y  
not .  T h u s  the  server  c anno t  know which cl ients  received the  
i n f o r m a t i o n  cor rec t ly  and which d id  not .  T h e  server  inser t s  
f o r w a r d  e r ror  co r rec t ion  [16] encoding  in to  t he  d a t a  wri t -  
t e n  on to  the  ~irdisk, and  typ ica l ly  pe r iod i ca l l y  r e - b r o a d c a s t s  
t h e  d a t a  even if  i t  has  not  been  u p d a t e d  by  t h e  i n fo rma t ion  
p rov ider .  

T h e  a r c h i t e c tu r e  and  detai lz  of the  c o m m u n i c a t i o n s  s y s t e m  
d e p e n d  u p o n  the technology  used.  I f  pag ing  is used,  t he  
wireless  b a n d w i d t h  is low and (unt i l  very  recen t ly )  l imi ted  
to  s implex  c o m m u n i c a t i o n .  F M  s u b c a r r i e r  c o m m u n i c a t i o n  
can  poten t iaJ ly  p rov ide  h igher  b a n d w i d t h  and fu l l -duplex  
c o m m u n i c a t i o n ,  a l t hough  cu r r en t ly  mos t  s y s t e m s  are  used in 
l o w - b a n d w i d t h  s imp lex  mode .  Ce l lu la r  d a t a  c o m m u n i c a t i o n  
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typical ly provides full-duplex communicat ion,  wi th  a low to 
modera t e  bandwidth .  PCS systems such as Flellcore's WACS 
[4] typical ly provide ful l-duplex services and d a t a  rates  up to 
a round 32 kbps.  We omit  fur ther  details  of the  archi tecture 
of the server and of the communicat ion network.  

Each broadcas t  per iod consists of a preamble, a pa t t e rn  of 
zero or more bits known to the  clients and used for synchro- 
nization. The  preamble  is followed by a b roadcas t  period 
flag, a pa t t e rn  of bits indicating the s t a r t  of the  d a t a  in the 
period.  ]n general, the  period flag is followed by an indez 
which gives the sequence of da t a  i tems broadcas t  in this pe- 
riod. Each d a t a  i tem has an i tem header at the  s ta r t  and a 
trailer indicat ing its end. Typically,  the  i tem header  identi-  
fies the  i tem (e.g., it  specifies tha t  the  i tem contains  current  
marke t  information about  gold prices) and may  contain other  
informat ion also (e.g. length of the i tem),  while the trai ler  is 
s imply a known pa t t e rn  of bits marking the end of the i tem. 

Depending upon the scheme used for sending the data ,  the 
preamble,  index, headers and trailers may be of zero or more 
bits.  The  i tem headers and trailers are not  required if all 
i tems are of the same length, and tha t  length  is fixed and 
known to the clients. An index is not  required if the d a t a  
i tems are fixed and sent in a fixed sequence known to the 
clients. 

In this paper  we will consider s i tuat ions where the length 
and sequence of da t a  i tems is fixed, as well as those where it 
is not.  

3 S implex  broadcast  

In this section we consider the s i tuat ion in which communi- 
cat ion is simplex and the clients simply filter the  d a t a  broad-  
cast  by the server. The  server broadcas ts  all the information 
it has at  the s ta r t  of each broadcas t  period.  Thus  suppose 
the broadcas t  channel is capable of suppor t ing  C bi ts /sec,  
and the server has D~ bits of da t a  to send during per iod i, for 
i _> 0. Then broadcas t  period i takes Ri = D ~ / C  seconds. 

From the clients '  point  of view, the  broadcas t  d a t a  can be 
modeled as an alrdisk, with each per iod corresponding to an 
airdisk rotat ion,  where the airdisk has a d a t a  t ransfer  ra te  of 
C. Since there is only one track,  the  airdisk has a seek t ime 
S = O. If  the server sends a max imum of D ~ =  bits during 
any period,  the max imum rota t ional  la tency of the  airdisk 
is R ~ =  = D ~ = / C ,  since a client may have to  wait up to 
R,~ffiz seconds for the next  ro ta t ion if it  jus t  misses the d a t a  
it  needed in the  current  rotat ion.  

Suppose the average amount  of d a t a  in any ro ta t ion  is D. 
Then the average length of a ro ta t ion is R = D / C  seconds. 
Suppose also tha t  each d a t a  i tem has a header,  which can be 
read by the client to de termine  if the  d a t a  i tem is of interest ,  
and the sequence of d a t a  i tems on the disk is fixed, but  the 
length of each i tem can vary from ro ta t ion  to rota t ion.  I t  
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might  seem tha t  the  average ro ta t ional  la tency for a client 
which is reading d a t a  from the  disk is R/2 ,  and in fact this 
value has somet imes been used in previous work on periodic 
wireless d a t a  b roadcas t  [15]. However, it  can be shown tha t  
mean ro ta t ional  l a tency  depends  not  only upon the mean 
rota t ion length bu t  also on its variance. 

L e m m a  3.1 Consider  an airdisk where each i tem is broad- 
cast once per rotation, the sequence o] data i tems in e~ery 
rotation is fixed, but the length of  each i tem, and hence o f  
each rotation, can vary. The mean rotational latency for  a 
client accessing a given data i tem from such an airdisk, i f  the 
airdisk has mean rotation length t t  and variance s, is 

R a 2 ¥ +  2--~ 

proof. The  proof  follows direct ly  from the "residual life para-  
dox" described in Kleinrock [13]. We sketch the underly- 
ing intui t ion here. Assume  tha t  a client begins reading the 
airdisk at at an a rb i t r a ry  point  of t ime, and is interested 
in i tem x. On average, i tem z will appear  every R seconds. 
However, some of the  intervals between appearances  of x are 
long, and some are short .  Since the client begins reading the 
airdisk at an a rb i t r a ry  point  of t ime, i t  is s ta t is t ical ly  more 
likely tha t  the client will begin reading during a long interval 
than  during a shor t  one. Thus  the  mean ro ta t iona l  la tency 
experienced by the  client will be more than  R/2 .  (For the  
derivat ion of the  formula,  see [13].) Note tha t  only if all the 
i tems were of the  same length,  and the rota t ion length were 
R for every ro ta t ion  (i.e., zero variance),  would the mean 
la tency be R / 2 .  Q 

The mean ro ta t ional  la tency affects not  only the access t ime 
experienced by the user, but  also affects the energy consump- 
tion at the  client. If  the mobile  client has a l imited energy 
source (e.g. s t a n d a r d  b a t t e r y  cells), energy is a very precious 
resource and needs to be conserved [2, 15]. In the scenario 
jus t  described,  suppose the clients know the sequence of da t a  
i tems. If, in addit ion,  the  length of the da t a  i tems were 
fixed, the variance of the  ro ta t ion  length would be zero and 
the mean ro ta t iona l  la tency would be reduced to R/2 .  The 
smaller mean ro ta t iona l  l a tency  will result in reduced energy 
consumpt ion at the mobile.  In addition, the fixed rota t ion 
length could be used to subs tant ia l ly  reduce the mobile 's  en- 
ergy consumption,  as follows. Initially, the client reads the 
preamble  and per iod flag of one rotat ion.  I t  is then able to 
synchronize its internal  clock to tha t  of the server, so tha t  
for subsequent  reads of the  airdisk, it  knows where on each 
rota t ion each i tem appears ,  and waits until  a very short  in- 
terval  before t ha t  t ime to s t a r t  reading the airdisk. Then 
although the mean ro ta t iona l  la tency remains R/2 ,  the en- 
ergy consumed by the mobile  will be much less. In order  
to correct  for clock drif ts  at  the  server or client, the client 
can mainta in  synchronizat ion by periodical ly re-reading the 
preamble  or per iod flag. 

In Lemma 3.1 it was assumed tha t  the sequence of d a t a  i tems 
on the airdisk was fixed. If  the  sequence of d a t a  i tems can 



change  f rom one ro t a t i on  to  t he  next ,  the ca lcu la t ion  of  m e a n  
r o t a t i o n a l  l a t e n c y  is more  compl ica ted .  F i r s t ,  the  cl ient  has  
to  wai t  unt i l  the  end of the  cu r ren t  per iod;  th is  t ime  in te rva l  
equals  t h a t  given in L e m m a  3.1. The  client t hen  has  to r ead  
the i ndex  and wai t  unt i l  the des i red  i t em appea r s  on the  
airdisk;  th is  second t ime  in te rva l  depends  upon  the m a n n e r  
in which d a t a  i t ems  are  scheduled  for b r o a d c a s t ,  i .e.,  for 
l ayou t  on the  airdisk,  a t  each ro ta t ion .  

Note  t h a t  for s implex  d a t a  b r o a d c a s t  desc r ibed  in th is  sec- 
t ion,  the  a i rd isk  is a One -Wr i t e r ,  M a n y - R e a d e r s  ( O W M R )  
disk,  where  the  single wr i t e r  is the  server.  In  such an a i rd i sk  
the  d a t a  l ayou t  on the  disk m a y  be  changed  by the  server  
in response  to  the  f requency  wi th  which the values of  d a t a  
i t ems  change.  Thus  the  server  m a y  change  the  d a t a  l a y o u t  
in r e sponse  to  the  p a t t e r n  of d a t a  wr i tes  by the i n f o r m a t i o n  
p rov ider .  (Th i s  is in con t r a s t  to  the  s i t ua t ion  cons ide red  
in p rev ious  work  [15, 5] where  the  d a t a  l ayou t  is c ha nge d  
in r e sponse  to the  p a t t e r n  of  d a t a  reads  by  the  cl ients;  we 
will cons ider  this  in the  next  sec t ion  also.) For  example ,  if  a 
d a t a  i t em  is changing  rap id ly  the  server  m a y  wr i te  i t  mu l t ip l e  
t imes  du r ing  a single ro t a t i on .  

and,  for s implici ty ,  a s sume t h a t  the  i t ems  are all of the same  
length .  A client  then  reads  the  airdisk,  examin ing  e~ch i t em  
heade r  to see if t he  i t em  is of  in te res t .  In  general ,  a cl ient  will 
be  i n t e r e s t ed  in one or m o r e  i t e m s  in each ro t a t i on ,  and  a 
c l ien t ' s  access is no t  cons ide red  c o m p l e t e d  unless  i t  has  r ead  
all the  i t ems  i t  is i n t e re s t ed  in. As  before ,  suppose  ~ cl ient  
s t a r t s  read ing  the  d isk  at  an a r b i t r a r y  instzmt of  t ime.  T h e  
access t ime for a cl ient  will be  t he  sum of four  componen t s :  
(1) the  r o t a t i o n a l  la tency,  i.e., wa i t ing  for the  first  i t em  the  
cl ient  is i n t e r e s t ed  in to appea r ,  (2) t he  d a t a  t rans fe r  t ime  to 
read  the  first  i t em,  (3) the  i tem spread, i.e., the  t ime  wai t ing  
unt i l  the  las t  i t e m  the cl ient  is i n t e r e s t e d  in appeaxs,  and  (4) 
the  d a t a  t r ans fe r  t ime to  r ead  t h e  l as t  i t em.  (Note  t h a t  if  the  
cl ient  is i n t e r e s t ed  in m o r e  t h a n  two i tems ,  the  d a t a  tra~nsfer 
t ime  for those  i t ems  is o v e r l a p p e d  wi th  the  i t em  sp read  and 
so need no t  be  coun ted . )  W e  axe i n t e r e s t ed  in min imiz ing  
the  meaJa access t ime  over all cl ients .  

T h e  r o t a t i o n a l  l a t e nc y  aJad d a t a  t r ans f e r  t imes  are f ixed once 
the  set  of  i t ems  in a given r o t a t i o n  is dec ided .  However ,  the  
i t em s p r e a d  can  still  be  var ied  by  va ry ing  the sequence of  the  
i t ems  on the  disk. Since cl ient  i n t e r e s t  i n fo rma t ion  is known 
in advance,  a d isk  l ayou t  can  be  chosen to reduce  the  meson 
i t em  s p r e a d  a~d hence the  m e a n  access t ime.  

4 Changing data layout 

We now cons ider  t he  s i t ua t ion  where  the  server  has  some  
i n f o r m a t i o n  abou t  the  d a t a  i t ems  which cl ients  are in te r -  
e s t ed  in. We  have d iscussed schemes for ob t a in ing  this  cl ient  
i n t e re s t  i n fo rma t ion  in [12]; for t he  m o m e n t ,  supp ose  this  
i n f o r m a t i o n  is avai lable.  In  t h a t  case, it  m a y  be  poss ib le  to  
im pr ove  t h e  pe r fo rmance  of t he  a i rd isk  s y s t e m  by exp lo i t ing  
this  cl ient  i n t e re s t  in fo rmat ion .  For  example ,  i t  is l ikely t h a t  
some i t e m s  will be more  p o p u l a r  (i.e., of  in t e res t  to  more  
cl ients)  t h a n  others .  Imie l inski  e t  al [15] and  Chiueh  [5] have  
re fe r red  to  these  popu l a r  i t ems  as ho t  spots ,  by  a~nalogy w i th  
ho t  s p o t s  in m a g n e t i c  disks, aJad Chiueh  has essent ia l ly  p ro-  
posed  rep l i ca t ing  ho t  spo t s  on each ai rdisk r o t a t i o n  in o rde r  
to  min imize  the  meaJa access t ime.  As  Chiueh  has  p o i n t e d  
out ,  while rep l i ca t ion  can be  very  useful,  i t  consumes  more  
wireless b a n d w i d t h  and,  if no t  pe r fo rmed  correct ly ,  can  re- 
sui t  in incres,  sed mean  access t imes .  

In  th is  p a p e r  we examine  ano the r  m e t h o d  of exp lo i t ing  cl ient  
i n t e re s t  i n fo rma t ion  to  improve  a i rd i sk  pe r fo rmance ,  which  
does  not  re ly  on rep l ica t ion  ( a l though  poss ib ly  could  be  used  
in c o n j u n c t i o n  wi th  i t . )  We cons ider  two p rob lems  of  l ay ing  
out  t he  d a t a  on the airdisk.  We ~irst cons ider  t he  s i t u a t i o n  
in which  the re  is no index  on the  a i rdisk (as a s sume d  in 
[5]), and  t h e n  consider  the  s i t ua t ion  where  the re  is an i ndex  
(as a s sumed  in [15].) Note  t h a t  in the  first  s i t ua t ion  cl ient  
energy  c o n s u m p t i o n  m a y  be  high since the  cl ient  has  to  r ead  
the  a i rd isk  all the t ime ,  while in t he  second  s i t u a t i o n  more  
wireless  b a n d w i d t h  is consumed  for the  index.  

D a t a  l a y o u t  p r o b l e m  1. Suppose  t h a t  the a i rd isk  has  
no index  b u t  the  sequence of d a t a  i t ems  can  be  va r ied  at  
each ro t a t i on .  Every  i t em  has  a heade r  ident i fy ing  the  i t em,  

We cas t  the  p rob l e m of  min imiz ing  i t em  s p r e a d  in g raph-  
theore t i c  t e r m s  as follows. Let  each  d a t a  i t e m  be  r ep re sen t ed  
by  a ve r t ex  of  a g raph ,  and  le t  the  ver t ices  be n u m b e r e d  con- 
secutively.  We will i n t roduce  a h y p e r e d g e  for r epresen t ing  
the  i t e m s  of in te res t  to  each cl ient .  Recal l  t h a t  a hype redge  
is s imply  an edge t h a t  can  connec t  more  t h a n  two ver t ices ,  
i.e., a h y p e r e d g e  is an a r b i t r a r y  subse t  of  t he  set  of ver t ices ,  
i n s t ead  of  only  a pa i r  of ver t ices .  Self- loops (i.e., hype redges  
which connec t  only  one ve r t ex )  are  allowed. Thus ,  for each 
client  we i n t roduce  one h y p e r e d g e  which connects  the  ver- 
t ices co r r e spond ing  to  t he  d a t a  i t e m s  the  client is i n t e r e s t ed  
in. T h e  l eng th  of a h y p e r e d g e  is the  difference be tween  i ts  
lowest  and  h ighes t  n u m b e r e d  ver tex .  Thus  the  l eng th  of  
a h y p e r e d g e  r ep resen t s  the  i t em  s p r e a d  for t h a t  cl ient .  T h e  
d a t a  l ayou t  p r o b l e m  1 t hen  be c ome s  t h e  p rob l em of  number -  
ing the  ver t ices  so as to  min imize  the  m e a n  of the  hype redge  
lengths .  

T h e o r e m  4.1 The problem of minimizing the mean access 
time, over all clients, for data layout problem 1, is NP- 
complete, even if each client in interested in only two items. 

proof. As discussed,  t h e  m e a n  access t ime  is min imized  by 
min imiz ing  m e a n  i t e m  sp re a d .  T h e  p r o b l e m  of min imiz ing  
m e a n  i t e m  sp read  can be  r e w r i t t e n  a.y follows for the  case  
where  each c h e s t  is i n t e r e s t ed  in only two i tems .  Given a 
g raph  G ---- ( V , E )  wi th  ve r t ex  set  V and edges E ,  find a 
one- to -one  func t ion  f : V ~ {1, 2, ..., [V[} such t h a t  

I f ( ~ )  - f ( v ) [  
(,,,~) E E 

is min imized .  Th i s  p r o b l e m  is i den t i ca l  to  the  known NP-  
comple t e  p r o b l e m  O p t i m a l  L inear  A r r a n g e m e n t  [1]. [] 
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D a t a  l a y o u t  p r o b l e m  2. Suppose the  airdisk has an index 
which specifies the  sequence of d a t a  i tems in each rotat ion,  
and for simplicity, assume tha t  all the  d a t a  i tems are of the 
same length. A client then accesses the  d a t a  i tems of interest  
by first reading the index and then reading only each d a t a  
i tem of interest .  A client s ta r t s  reading the disk at an arbi- 
t ra ry  ins tant  of time, and a client 's  access is not  considered 
completed unless it  has read all the  i tems it is interested in. 
The  access t ime for a client will be the  sum of four compo- 
nents: (1) the  rota t ional  la tency for the  index, i.e., waiting 
for the index of the next ro ta t ion  to appear ,  (2) the d a t a  
t ransfer  t ime to read the index, (3) the i tem reach, i.e., the 
t ime until the  last  i tem the client is interested in appears ,  
and (4) the d a t a  transfer  t ime to read the  last  i tem. (Note 
that  a.s for d a t a  layout problem 1, the  d a t a  t ransfer  t ime for 
i tems other  than  the last  one is over lapped with the i tem 
reach.) We are interested in minimizing the mean access 
time over all clients. 

Once again, the problem reduces to minimizing one compo- 
nent,  namely the i tem reach. We can formulate  it  in graph- 
theoret ic  terms using the formulat ion used for d a t a  layout  
problem 1, i.e., c rea te  a graph using the set of vertices and 
hyperedges as before. We can show tha t  the  i tem re~ch min- 
imization problem is also NP-complete;  however, the  proof  
requires designing a polynomial - t ime reduction.  

T h e o r e m  4.2 The problem o] min imiz ing  the mean access 
time, over all clients, for  data layout problem ~ ia NP-  
complete, even i f  each client is interested in only two i tems.  

proo]. Minimizing mean access t ime reduces to minimizing 
mean i tem reach. The problem of minimizing mean i tem 
reach can be rewri t ten as fonows. Given a graph G -- (V, E)  
with vertex set g and edges E,  find a one-to-one function 
I ;  v --, {1, 2, ..., I g l}  such tha t  

E max(f(u), f(v)) 
(~,~) E E 

is minimized. 

The  proof  is omi t ted  here for brevity;  i t  is given in [8]. 0 

Note tha t  for the specied case where every client is only in- 
terested in one i tem on every rotat ion,  d a t a  layout  problem 
2 can be solved tr ivial ly by ordering the i tems in descending 
order  of populari ty,  i.e., i tems with the  most client interest  
first. 

We are current ly  investigating various sub-opt imal  heuris- 
tics for these problems. Numerous varieLtions and general- 
izations of these problems can be considered. The  gener- 
alization where da t a  i tems are not  of the  same length may  
make the problems significantly more complicated.  I t  may 
also be possible to allow clients to specify not only their  in- 
terest  in a d a t a  i tem, but  also their degree of interest .  In the 
graphical  formulation,  this corresponds to assigning weights 
to the vertices of the graph.  

5 R A I D  an d  A i r R A I D  

In this section we discuss ways to increase aJrdisk s torage 
capacity.  The  discussion here is prel iminary as this work is 
current ly  in progress.  

We envision tha t ,  jus t  as for magnet ic  disks, new applica- 
tions will place ever-increasing demands  on the s torage ca- 
paci ty  of airdisks. The  s torage capaci ty  of an airdisk is di- 
rectly p ropor t iona l  to its ro ta t ional  latency; if more d a t a  is 
to be b roadcas t  periodical ly in a frequency channel of fixed 
size, more t ime will be required. Consider a system in which 
transmissions to clients axe divided into t ime slots. For ex- 
ample, in Bellcore 's  WACS proposal  [4] for a PCS system,  
t ransmissions to clients are divided into t ime slots, with eight 
t ime slots per  2.5 msec frame; e~ch t ime slot is nominally ca- 
pable of carrying user d a t a  at the ra te  of 32 kbps. Thus  a 
t ime slot could also be used for sending periodic wireless 
broadcas t  d a t a  at  a nominal  ra te  of 32 kbps.  Thus sending 
1920 Kbi ts  of d a t a  will require one minute; if this is done 
periodical ly the  rota t ions]  la tency of the resulting airdisk is 
1 minute.  If  the  amount  of d a t a  to be broadcast  doubles, so 
will the  ro ta t iona l  latency. 

One method  of increasing airdisk s torage capaci ty  is to in- 
crease the  number  of tracks to more than  one, jus t  as for a 
magnet ic  disk. There  are potent ial ly  two ways of doing so: 
by increasing use of the frequency domain  or of the time do- 
main. For the t ime-s lo t ted  PCS system described above, in 
principle, the server can send the broadcas t  d a t a  using mult i -  
ple t ime slots; in general,  these slots need not  be contiguous. 
Alternat ively,  it  is possible in principle tha t  the  server can 
use two t ime slots at two different frequencies for sending 
periodic broadcas t  da ta .  In either case, the airdisk in effect 
now has mult iple tracks,  with a corresponding increase in 
capacity. .  Each t rack  can be wri t ten  independent ly  by the 
server, and read independent ly  by the client. The  airdisk 
will now have a non-zero seek t ime penalty, in addi t ion to 
the ro ta t iona l  la tency associated with each track. Note tha t  
the practic~l details  involved in introducing mult iple t racks 
deserve fur ther  s tudy;  for instance, in the case where the  
t racks are at different frequencies, the  client receiver hard-  
ware must  be capable  of operat ing at  different frequencies 
easily. 

Another  possible method  for increasing airdisk capaci ty  is to 
borrow the idea of d a t a  striping, as is carried out in RAID 
for magnet ic  disks. Magnetic  disk arrays have been pro- 
posed since the  1980s as a way of using mul t i ph  magnet ic  
disks opera t ing  in parallel  to improve aggregate I / O  perfo- 
rmance of compute r  systems [14, 11]. Disk array systems,  
commonly known as Redundant  Arrays  of Inexpensive Disks 
(RAID) ,  are now offered in the produc t  lines of most  majo r  
computer  manufacturers ,  and have enjoyed t remendous  com- 
merc ia / success  and applicabil i ty  in high-performance work- 
s tat ions and supercomputers .  One of the motivat ions for 
the in t roduct ion  of RAID systems is to increase the  s torage 
capaci ty  of magnet ic  disks in response to  increased s torage 
demands  from new applications.  Replacing a single magnet ic  
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disk by a single larger magnetic disk, however, is less effective 
in terms of performance, cost, size and power requirements 
than replacing it with a number of small magnetic disks with 
equal aggregate storage capacity. 

This paper describes work which is in progress. Several issues 
have been related to airdisks and alrKAID which deserve 
further s tudy and which we are currently pursuing [8]. 

Consider an airdisk with multiple tracks, as described above. 
Instead of writing data  serially on each track, the server can 
stripe the data  By analogy with the magnetic disk RAID sys- 
tems, we regard each track as a separate single-track airdisk, 
and call the aggregate striped storage an airRAID. If the in- 
dividual airdisks axe appropriately spaced in time, it may be 
possible that  the same chent receiver hardware will be capa- 
ble of reading the multiple airdisks and reassembling the bits 
serially. If the airdisks are on different frequencies, some re- 
ceiver circuitry may need to be duplicated in ea~:h client. In 
either case, striping may introduce additional write latency 
for the server. 

In our airdisk model, there axe no acknowledgements of 
broadcast data, so forward error correction (FEC) is applied 
to allow the clients to recover from errors introduced by the 
radio channel. In the airRAID, each individual airdisk a.p- 
plies FEC to its data. Just as for RAID systems, multiple 
alrdisks are less reliable than single airdisks if no FEC is 
applied. However, FEC on each airdisk means that,  if read 
errors (i.e., radio channel errors) on the different airdisks are 
independent, the aggregate bit error rate of the airRAID wi]] 
be better than for an individual airdisk. This is because a 
burst error on a single airdisk will not cause consecutive bit 
errors, making it easier for the client to recover the original 
da ta  using FEC. 

Note that  although the discussion ~bove has been in terms of 
storage capacity, use of striped airdisks which consist of the 
same time slot at different frequencies can potentially im- 
prove performance by allowing parallel data  access, in the 
same manner as for magnetic RAID systems. There are 
several theoretical and practical issues related to airRAID, 
such as the type of "parity = (error correction) used and its 
placement, which we are currently considering in our ongoing 
work. 

6 S u m m a r y  

We have presented a model, called the alrdisk model, for 
representing periodic wireless data  broadcast in terms of a 
magnetic disk. We have shown expressions for its mean and 
maximum rotational latency under certain assumptions. We 
have then defined two problems of laying out the data  on 
the airdisk based upon information about which items are of 
interest to clients. We have shown that  both problems, if the 
data  is to be laid out so as to minimize mean client access 
time, are NP-complete.  We have considered ways of obtain- 
ing information about the items of interest to clients. We 
have exploited the airdisk model to suggest ways of increas- 
ing storage capacity on the air, using multiple-tra~:k disks or 
via ideas similar to RAID for magnetic disks. 
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