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Abstract

In this paper, we propose a Bi-directional Fragmental Pipelining (BFP) technique and its
variable buffer size data-caching scheme BFP,, to reduce the disk I/0O bandwidth requirement
for multimedia servers. Our mathematical analysis shows that the BFP technique is superior
to the traditional unidirectional pipelining technique in terms of memory buffer space
requirement. We further demonstrate that the memory buffer management using BFP, is
better than that of using the fixed buffer size approach BFP:. We have mathematically
proved that BFP, saves more disk I/O bandwidth than BFP: does using the same memory
buffer space. Our simulation results have quantitatively confirmed our analysis.

Key Words: Multimedia Servers, Pipelining, Data caching scheme, Buffer Management,
Disk I/0 Bandwidth

1 Introduction

Internet and multimedia applications have driven the storage technologies improving in an
incredible pace. Two most important features of multimedia data are the large storage and
I/0 bandwidth requirement. To satisfy the demand, the storage capacity of the magnetic-
platter disks has increased dramatically while the cost per byte of the disksis constantly
dropping. Unlike the storage capacity, the disk I/O bandwidth increases in arather slower
speed due to the mechanical movement of the disk read/write heads. Furthermore, the
effective disk 1/0 bandwidth is much less than the advertised I/O bandwidth. There are many
factors, such as operating system, file system, application software and concurrent disk 1/O
reguests, which prevent the effective disk 1/0O bandwidth to reach its advertised one. For
instance, the performance study for Microsoft SQL 7.0 has shown that the typical Wide Ultra
SCSI-3 hard driveis capable of providing Windows and SQL server with about 75 non-
sequentia (random) and 150 sequential 1/0 operations per second [9]. Advertised transfer
rates in terms of megabytes (MB) for these hard drives range around 40 M B/second.



However, it is much more likely for a database server to be constrained by the 75/150 1/0
transfers per second than the 40 MB/second transfer rate. Based on this observation, it is
reasonable to expect at most 9.6 MB/second 1/0O processing capability from a given hard
drive by doing strictly sequential read or write SQL server operationson it [9]. To prove this
observation, we have done some experimental studies over a set of hard disksin terms of
their effective disk I/0O bandwidths. Those various disk models are from different vendors,
including IBM, Seagate and Quantum. Our experiments are all conducted under Microsoft
operating systems with NTSF file system. We create a single process to use thefile I/O
functions provided by the operating systems to sequentially read through alarge datafile and
monitor the actual datatransfer rate. The results are depicted in Table 1.

Table 1: Effective disk 1/0 bandwidth for variousdisk drives.

Disk Model Operating System 1/O Interface ETR | SDR | ADR
IBM DHEA-28451 Win 2000 Server IDE 33.3 10 4.3
IBM DHEA-28451 Win NT Server 4.0 IDE 333 10 3.8
IBM DHEA-28451 Win 2000 Professional | IDE 333 10 17
IBM DTTA-371010 Win NT Server 4.0 IDE 333 13 45
IBM DDRS-34560D Win 2000 Server SCsl 40 133 74
IBM DTLA-307030 Win 2000 Professional | Ultra SCSI 100 37 239
Seagate ST-39216W Win 2000 Server UltraWide SCSI | 40 N/A 115
Seagate ST-29102L.C Win NT Server 4.0 Ultra2 SCSI 40 N/A 145
Quantum Viking Il 9.1WLS | Win NT Server 4.0 Ultra SCS| 40 14 8.9

Besides the disk models, we also list the operating systems and the disk 1/0 interfaces,
because those are very important factors in determining the effective disk 1/0 bandwidths.
We note here that ETR in the table stands for External Transfer Rates (MB/Sec). They are
the advertised disk 1/0O bandwidth commonly used by disk drive vendors. Usually those
numbers are their maximum transfer rates that cannot be sustained. So some vendors provide
Sustained Data Rates (MB/Sec) in their product specification. They are listed in column
SDR of our table. However, those sustained data rates have not taken the effects of operating
system, file system and the actual used disk I/O interface. Those factors create more
overheadsto the disk 1/0O operations. The Actual Data Rates (MB/Sec) obtained by our
experiment are listed in column ADR.

Our experimental results have shown that the effective disk I/O bandwidths are far less than
the advertised external transfer rates. The actual datarates are also less than the advertised
sustained datarates. The actua dataratesin Table 1 are sequential disk 1/0 bandwidth. If
concurrent disk 1/0 operations are involved, we expect the actua data ratesto drop even
further. Thus the disk I/O bandwidth sets a hard limitation on the number of customers who
can be served simultaneously in a multimedia system. To serve more concurrent video
streams, one approach isto increase the number of hard disks in the multimedia systems.
Those disks can be organized as disk array. To fully utilize the aggregate 1/0 bandwidth of
the disks, striping techniques are widely used [1, 2, 3, 15], though some researchers question
the cost of the striping techniques for interactive video services [12].



Although multimedia data ae permanently stored in the hard dsks, they must be processed
in the memory buffer before sending out to the dient's workstations. So the most recently
accesxd data ae temporarily cadied in memory buffer. The most famous memory cade
replacament algorithm isthe LRU algorithm. Using LRU, the least recently accessed pages
will bereplacel ou of memory cadefirst. Several reseach studiestried to adopt various
LRU algorithms into the video-on-demand systems [8, 10, 11, 1B However, those
aforementioned LRU variants are dl focused onthe replacement of the individual memory
pages. We cdegorize them as page-level memory buffer management. Those page-level
buffer management schemes have their limitationsin deding with continuowsly and
simultaneously displaying video oljedsto multi ple users. For instance video olject V
consists of n pages, Py, Py, ..., P.. We aamethereisonly one dient A currently accessng
video V. We dso assume the traditional LRU algorithm is used. If the secondclient B
requests this video when client A is accessang page Py, it ismore likely that page Py is out of
the memory buffer than page P«.; does. However, client B adually requests the first page P,
to start the playbadk of objed V.

To addressthe problem, we propcse aBi-directional Fragmental Pipelining (BFP) technique
for video oljed playbadk to reducethe disk I/O bandwidth requirement and dscussthe data
cading scheme for memory buffer management based onthe proposed pipelining technique.
Using the propased pipelining technique, the data cating scheme for memory buffer
management is no longer focused onthe individual memory pages. The replacament of an
individual pagetiesto its context in the video ojed. Unlikein the traditional LRU
algorithms, the most receant used pages might be replaced in ou cade replacanent scheme.
Therest of this paper is organized asfollows. In Sedion 2,the traditional unidiredional
pipelining technique and its related memory buff er management strategy are discussed. In
Sedion 3,we propacse the BFP technique and dscussits advantages over the traditional
unidiredional pipelining technique. The variable cate size buffer management scheme
BFPy has also been discussd in the sedion. In Sedion 4,we present the simulation results
to show the superiority of the BFP,, scheme. The memory cade replacanent scheme based
on BFPy isdiscussed in Sedion 5. We have our concluding remarks and dscussthe future
worksin Sedion 6.

2 Reducingthel/O Bandwidth Requirement by Pipelining

Pipelining is awell-known technique used in cadhe management. Thistedhniqueisalso very
natural for processng video oljeds. We can aways prefetch the traili ng pages of the video
objed into the memory for procesgng whil e the system is displaying the arrent pages. In
this sdion, we discusshow to use the traditional pipelining techniques to reducethe disk I/0
bandwidth requirement for displaying the video oljeds.

2.1 Traditional Pipelining Technique



Theidea of pipelining is to divide the whole multimedia object X into a sequence of slices
(Xo, X1, X2,-++, Xn-1, Xn) such that the playback time of Xi-1 eclipsesthetimerequired to
materialize Xi, where 1<i <n. Thisstrategy ensuresthat Xi isin memory ready for
continuous playback when the system finishes Xi-1 . Thistraditiona pipelining techniqueis
presented in Figure 1.
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Figure 1: Pipelining technique.

We define PCR (Production Consumption Rate) as the ratio between the materiaization rate
(Bm) of reading data from disks to memory buffer for an object and the playback rate (Bp)

of sending data from the server to a playback station, i.e., PCR = Bn . If Bm>Bp, not only

p
the memory buffer space but also the disk 1/0 bandwidth is wasted, because the system
materializes more data pages into the memory than that the display station can consume.
Generaly we have Bm< Bp and PCR <1. To simplify our anaysis, we assume that Bm and
Bpr are constant through the entire video object X. Under this condition, the sizes of the data
slices can be computed as follows:

Size(X) =Size(Xo) + Size(X1) +--- + Size(Xn)
Size(Xi) =PCR [Bize(Xi-1),0<i<n
If Bn=Bp,i.e, PCR =1, wehave

Size(Xo) = Size(X1) =+ = Size(X») =ni+1[$ize(X) |

However, this situation does not reduce the disk 1/0 bandwidth requirement. To reduce the
disk 1/0 bandwidth requirement, we need Bm<Bp. In thiscase, we have

1-PCR

Size(Xi)) =PCR' [Eize(Xo) and Size(Xo)=—————
e( ) e( O) e( O) 1_PCRn+l

[Bize(X).



It is necessary that slice X is resident in the memory buffer to allow the pipelining to take
place. We cal dlice X, asthe HEAD of the object (or pipeline) and the rest of slices asthe
TAIL. So X needsto be as small as possible, that means|etting n be aslarge as possible.
To achievethis, thelast slice Xn must be as small as possible because

Size(Xn) = PCR" [Size(Xo).

Therefore, we should choose the size of the last dlice to be that of a minimal 1/O unit
(normally one disk page or memory page). Also, we know the time to display the sequence
(Xo, X1, X2,--+, Xn-1) isequal to thetime to materialize the sequence

(X1, X2,+++, Xn-1,Xn) . That means
Size(X) - Size(Xo) _ Size(X) - Size(Xn)
Bm BP -

Based on this equation and taking the factor that Size(Xn) isvery small, we can easily
derive:

Size(Xo) = (1- PCR) [Size(X). ()

2.2 Memory Buffer Management

Using the traditional unidirectional pipelining technique discussed above, we can save the
disk I/0 bandwidth by 1- PCR , if the head segment X, is cached in the memory. To start the
pipeline, we have to have head segment X, memory resident. We start reading the next
segment X; to the memory while the system is displaying the head segment Xo. Usually we
do not want the head X to be replaced out of the memory buffer. Otherwise, it is not
possible for the new requests to start the pipelineimmediately. Thisisthe same problem as
the traditional LRU replacement algorithm we pointed out in Section 1. So besides the head
segment X, we need additional memory buffer space to store segment X1, since we cannot
reclaim the buffer space from X,. However, we can replace the data starting from segment
X1 as soon as the datain this segment is displayed. Thusfor each concurrent stream, asingle
circular buffer presented by Figure 2 can be used.

Display Station
M agnetic Disk
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Figure 2: Circular memory buffer.

Theinitia size for the circular buffer should be the size of the second segment X plus one
more minimal 1/0 unit (disk page or memory page). So if we use the minimal I/O unit as our
Space measurement unit, the circular buffer size would be



Initial Buffer Size= (1- PCR) [PCR [Size(X).

Because we have PCR <1,i.e, Xi-1> Xi forany i >1, therequired circular buffer sizeis
shrinking during the entire playback process. We can reclaim the freed memory from the
shrinking buffer. If we have several users accessing the same object starting at different
times, the average shrinking buffer size will be

AverageBuffer Size= % [{1- PCR) [PCR [Hize(X).

We notice that (1- PCR) IPCR <. It means the maximum initial size for circular buffer is
around 4 of the object size.

There are several problems with this unidirectional pipelining technique and its buffer
management scheme. First, besides the head segment X, shared by the concurrent streams
accessing the same object, each stream requires acircular buffer initially equal to

(1- PCR) [PCR [Bize(X). Sometimes, this buffer istoo large. Second, the freed memory

fragments from the shrinking buffers are not easy to be reclaimed as another circular buffer
because of their fragmental nature. Third, the traditional pipelining technique and its circular
buffer management scheme are not suitable for VCR functions such as fast reverse and fast
forward. If the user wants to reverseto a previous viewed point, most of data have to be read
from the hard disks because they might have been replaced out of the circular buffer. On the
other hand, if the user wants to skip a portion of the video and to start at some later point, the
system still has to read many data from the current point to the specified later point with a
faster speed. Otherwise, the pipelining cannot be restarted. To solve those problems, we
propose a novel Bi-directional Fragmental Pipelining (BFP) technique in next section.

3 Bi-directional Fragmental Pipelining Technique

The motivation of solving the problems associated with the traditional pipelining technique
and its buffer management scheme requires us to find a better way to handle the video data.
The unidirectiona nature of the traditional pipelining techniqueisitsinherent problem. This
problem restricts us from handling the video data more efficiently. We attack this problem
by fragmenting the video data as to be explained in this section.

3.1 Video Object Fragmentation

We divide the whol e video object into two categories of fragments. One category is called
Disk-resident fragment (or D-fragment) and the other is called Cached fragment (or C-
fragment). Although the entire video object is permanently stored in the hard disks, the C-
fragments are also temporarily cached in memory buffer. A pair of D, C fragments consist of
aprocessing unit P. The D and C-fragments interleave the datafile asillustrated in Figure 3.
With this file organization, the pipelining is performed as follows. Asthe system displays



the processing unit P =(Di, G)), it materializes the next D-fragment Di +1 from the hard
disks. Obviously, to maintain the continuous playback, the elapsed time of displaying P
should be equal to the elapsed time of materializing Di +1. Mathematically, we can express
the above requirements as follows:

Size(Di +1) :S|ze(Di)+S|ze(Ci) fori>0. @)
Bm Bo
' Dg Co! Di Cii Dy Cpi ! Doy Cpa! Dn Gy
Display M ater i i i i i i i i
_____________ Display M ater. i i i | i |
seadl | |
_________________________________________________ M ater i i E
_________________________________________________ Display Mater. |
Display
v
Time

Figure 3: Bi-directional fragmental pipelining technique.
We call this pipelining technique as Bi-directional Fragmental Pipelining (BFP) technique.
To ease the implementation, we make the sizes of the fragments more uniform by letting
Size(Di) =So and Size(Ci) =Sc for i =20. Substituting the values Sp and Sc into Equation
(2), we have:
S _S+&
Bn By

3)

thus,

> _Br_pcg (4)
S+S B

The size of the entire object X can then be computed in terms of Sp and Sc as follows:
Size(X) =(n+1) S + ).

Let SD and SC represent the accumul ative size of al the D-fragments and the accumul ative
size of al the C-fragments, respectively. SD and SC can be computed as follows:

D =(n+1) (S = PCR [Size(X) , (5)



and
SC =(n+1) [Bc =(1- PCR)Size(X). (6)

3.2 Buffer Management Scheme

With the new pipelining scheme BFP, all C-fragments must be caded in the memory buffer
before the pipeline can start. Comparing Equation (1) with Equation (6), the acumulated
sizefor the caded fragments SC is equal to the size of the HEAD (i.e., Xo) in traditi onal
pipelining technique.

There ae two ways to implement the staging buffers:

Double Buffer: we use two staging buffers to load the D-fragments into the memory. This
doule buffer management scheme is depicted in Figure 4. Oncebuffer A isfill ed with
D-fragment Di, it formsa complete processng unit P with the catied C-fragment Ci .
Whil e the user is displaying the data in the processng unit P, the system materiali zes
the datafrom D-fragment Di +1 into Buffer B. As soonas the user finishes displaying
the procesgng unit P, the processng unit P +1 iscompletely formed by the dataloaded
into bufer B and caded C-fragment Ci +1. So Buffer A and B can switch their roles. At
thistime, the user displays the data from the buffer B and C-fragment Ci +1 while buffer
A isused for materiali zing the next D-fragment. The buffer spacerequirement for this
approadhis 2[$o .

Materialize | Buffer B | Buffer A

Displa
Data

Cisy Ci

Display Station
Double Buffer
M agnetic Disk

Figure 4: Double buffer management.

Single Buffer: Thisapproach uses asimilar circular buffer shared by both the cnsumption
and production procedures as that used in the traditional pipelining technique. The buffer
spacerequirement for thisapproachis So +1. Unlike in the traditional pipelining
tedhnique, the size of this circular buffer does nat shrink.

Obviously the doulde buffer scheme is much easier to implement than the drcular buffer
scheme. On the other hand, because the size of D-fragment can be very small, the single
buffer approach won't save too much bufer space Let us discussthe staging buffer space
requirement in this stuation. We shoud minimize Sy to keep the size of the staging buffer
minimal. Equation (4) isrepeaed below:

So Bm

=—"=PCR
S+ By




toitsirreducible form P _> ,suchthat pis
S+

q
primeto g. Thus, the minimum size for the D-fragmentsis p blocks, where block is an
efficient unit for 1/O operations and display. Accordingly, the size for C-fragments should be
g- p. Forinstance, if PCR=0.6,wehave p=3 and q=5. Thesizes of D-fragments and
C-fragments, therefore, are 3 blocks and 2 blocks, respectively. This exampleisillustrated in
Figure 3. Let ablock be 4 KBytes. The size of the staging buffer is 2 [ blocks or 24
KBytes. On the other hand, using the traditional pipelining technique, the circular buffer
space would be equal 24% of the object size. For a 10-minute MPEG-2-encoded NTSC-
quality video clip using a playback rate of 6 Mbits/sec, the object sizeis about 450 MB. In
this case, the circular buffer size would be 108 MB.

We can reduce the fraction

Besides the huge saving in the staging buffer, the BFP technique is natural for the
implementation of VCR functions. Because the pipelining can be performed forwards as
well as backwards, fast-forward and fast-reverse are very easy for BFP. Also the user can
randomly jump into any middle point of the video object and start the playback from there
without visible delay, because the system needs only read a small D-fragment into the
memory to restart the pipeline. Furthermore, the frame skipping methods for fast-forward
and fast reverse presented in [4, 7] are natural for BFP because it also skips through thefile
and caches in the memory buffer only every other fragment, i.e., skipping D-fragments and
caching C-fragments. So the symmetrical nature of BFP allows fast-forward and fast-reverse
to be done without even involving the disk 1/O operations. If one needs to resume the normal
play after afast-forward or fast-reverse, the delay is essentially unnoticeable since this can be
treated as a random access.

3.3 Managing Memory Space and Disk |/O Bandwidth

The novel BFP technique provides a systematic method for saving the disk 1/0 bandwidth.
By caching the C-fragments of the video object in the memory buffer, we can save disk I/O
bandwidth by 1- PCR . If al video objects in the database have the same PCR, we guarantee
that the disk I/O bandwidth saving will be equal to PCR. For instance, we let all video
objects have PCR =0.8. That means SC =0.2[Size(X) and Bm =0.8[By for any object X.

So we have saved 20% of disk I/0O bandwidth by caching 20% of object fragments. Because
every object uses the same PCR, we call this scheme as BFPg, where subscript F stands for
fixed PCR.

In multimedia systems, the access frequencies for different objects in the database vary.
Some objects have more user requests. Some objects have less or even no user request.
Usually, 80% of the user requests are contributed by only 20% of the video objects. To save
the valuable memory cache space and disk 1/0 bandwidth, we should treat those different
objects differently. Basically, we fragment more frequently requested objects (hotter objects)
with larger C-fragments and | ess frequently requested objects (colder objects) with larger D-
fragments. That means the hotter objects use smaller PCR than the colder objects do. We
call this approach BFP,,, where subscript V stands for various PCR. The smaller PCRs for



hotter objects result in less disk 1/0O bandwidth requirement for each video stream accessing
those objects. Because the mgjority of the concurrent streams are accessing those hotter
objects, the total disk I/O bandwidth requirement isless. On the other hand, the larger PCRs
for colder objects lead to smaller memory cached portion for those objects. Based on our
discussion before, all concurrent streams accessing the same object share C-fragments, each
object will only have one set of C-fragments in the memory buffer. Because cold objects
consist of the mgjority of the entire database population, smaller C-fragments for those cold
objects require less memory cache space. Furthermore, each video stream needs a staging
buffer consists of one or two D-fragments. The mgjority of those video streams access the
hot objects that have smaller D-fragments. That means the memory space for staging buffers
isalso less using the BFR, approach. In general, we can mathematically prove that the BFPy
approach uses less disk 1/0 bandwidth than BFPr does under the same memory cache space.
The notations used in our discussion are listed as follows:

Oi: Multimedia object i.
Bp: Playback rate of each object. The system must be able to deliver datato adisplay
station at thisrate.
Bm Materialization rate for each stream if all objects use the same materialization rate.
C: Concurrent streams currently supported by the video server.
M Number of objects currently used by concurrent streams.
M
ki Number of concurrent streams that currently using object O;. We have Zizl ki=C.
Bm(i) : Materialization rate used for object O, in the BFP, approach.
Bais(S): Disk I/O bandwidth required by scheme Sto support the C concurrent streams that

are using M multimedia objects. Bdis«(BFPv) can be computed as
Bax(BFPV) = Z“jl ki (Bm(i) .

Cache(S): Cache space required by scheme Sto cache the C-fragments of the M objects being

currently used.
Seache Total cache space.
Siatabase: Database size for the M objects being currently used.
BFPy: BFP scheme using various materialization rates for objects.
BFP:: BFP scheme using the same materialization rate for all objects.
PCR,(i): PCR used for object O; in scheme BFPy,.
PCR;: PCR used for all objects in scheme BFPg,

Without loss of generality, we assume that the multimedia objects are numbered so that
ki<kz<ks<---<kw, wherek; denotes the concurrent streams using object O; currently.
We also assume the data size for each video object is S.

First we consider the BFPr scheme. To minimize the disk 1/0 bandwidth requirement for
BFPr, we should let C-fragment be as large as possible. So the materialization rate assigned
to each object is



Scache
Bm=(1- By,
( Sdatabase) P
and
PCR = om =1 >
Bp Sdatabase
So we have

Bas(BFPF) = C (Bm= C [PCR [B.

Now we discuss the BFP, scheme. We assign the materialization rate to those M involved
objects as follows:

Bp=> Bm(l) = Bm(2) =2 Bm(M)

and

12 PCR (1) = PCRv(2) = -+ = PCRv(M ), where PCR (i) = _B;(i)

On the other hand, we let
1M )
W Eg PCRV(|) —_ PCRf (8)

1=0

Equation (8) guarantees that the memory cache space occupied by those M objects using the
BFPy scheme is the same as that using the BFPr scheme. This claim is easy to prove. First
we have,

Cache(BFP\) = % [@- PCR(i)) 5] 9)

Combining Equation (8) and (9), we have
Cache(BFPv) =M [{1- PCRr ) (5= Cache(BFP)

Asfor disk I/0O bandwidth requirement for the BFP, scheme, we have
M
Bas(BFPV) = Z ki (Bm(i) . (10
1=1
Based on Equation (8), we also have
1 2 .
— [ Bnm(i) = PCRs [Bp. 11
v DZ (i) i (Bp (11)

Now we will prove that
Bax(BFPV) < Bais(BFPF)



To facilitate our discussion, we first prove the following theorem.

Theorem 1. Forany n>0,if 0< X1< X2< X3<---< Xa and
Yi=Y22Y3=---2Yan20, then

n 1 n n n
XilYi<s=— XithYi<) Xil¥n-i+
2 H=y R XY= g X

PROOF:

This proof is by induction on n. First, itistrivial that the theorem istruefor n=1. When
n =2, we can derive the following:

XilY1+ X2W2—%QX1+ X2) [{Y1+Y2)

(X1 Y1+ X2[Y2— X2[Y1— X1[Y2)
[

NIk N

X1—X2) [{Y1-Y2) <0.
Thus, we have:

X1lY1+ X2o[Y2 < % [(X1+ X2) [Y1+Y2).
Similarly, we can obtain:

%HX1+ X2)[{Y1+Y2) < Xo[Y1+ X1[Yoa.

Now, assuming that the induction hypothesisistruefor n<k, i.e,,
1

k-1 k-1 k-1 k

1=1

Xi Yk -i.
T

LN

We next provethat it isalso truefor n=Kk.

k-1 k-1 k-1

Using IZlXi LY ski_lD; XiEIZYi,Wehave,



ixm—
:%%Dixm 5 >Q+xk[(2 ]Y+YkE
%sz.w S oX Iy Y =Xy S =YDy X - Xe ME (12)

1 S k-1 e - -
SEEFDIZX Y- (k=) Oy XY= X SN =Yy % - XD
[Zk X OV + (k —12) DXk Ok — X« [E R Dzi:lXi]

Considering Xi < X« and Yi = Y« for 0<i <k, we have:
Xi bYi + Xk LYk < Xk LY + Xi [k
Using thisinequality to (12), we can obtain:

wa A
1[Z“X.D(+(k SRR SRS Y

1[2 XY+ (k - 1)D(kDYk—Z (XIW+XkDYk)]

Thus, we have:

Similarly, we can derive:
k k
Xy Yk
Zﬂ&z Z XI wk—l 1
k a

Hence the induction step is proven. We can conclude that the theorem istruefor any n>1.
Q.B.E.

Applying Theorem 1 to Equation (10) and using Equation (11), we can derive the following:



Bas(BFPY) = %h [Bn(i)

< 1 D% ki D% Bm(i)
M 1=1 1=1
=C[PCR [Bp
= Bais{ BFF¥)
Thus, we oncludethat Bais{ BFR/) < Bais BFP¥) .

We have proved that the BFP,, scheme uses lessdisk 1/0 bandwidth than the BFP- scheme
under the same disk cadhe space Thusthe BFP, scheme dso useslessmemory cade space
than the BFP: scheme under the same disk I/0O bandwidth. Because the staging buffer sizes
used by different video oljedsin BFPy vary based onthe various PCR's, we dso cdl this
scheme Variable Cache Sze Buffer Management scheme.

3.4 Materialization Rate Deter mination

In the previous fdion we have proved that BFP, can save disk I/0O bandwidth requirement
for the video server if various PCRs are used for different video ojeds. Using the
guidelines discussed previously, we have designed a Materialize Rate Determination
agorithm, MRD, givenin Figure 5. The following notations are used in the dgorithm:

Size(RAM):  Thesizeof memory buffer.

Size(0): Thesizeof objed Oi.

PCR(O): PCR determined for objea Oi.

Bm(Oi) : Materiali zation rate for objea Oi.

Heat(Q) : The accssfrequency of multimediaobjea Oi. We have 0 < Heat(Q) <1

and lezl Heat(Q) =1 where N isthe number of objedsin the database.

Without lossof generality, we assume
Heat(Q) = Heat(Q) = --- > Heat(Qv).

Algorithm MRD determines the materiali zation rate for eaty multimediaobjed in the
database acording to itsrelative accssfrequency. For eat oijed, MRD first determines
the gpropriate cading spacefor its C-fragments. A more frequently referenced oljed is
allowed to cadhe alarger percentage of its data blocks, i.e., having larger C-fragments. Asa
result, this objed neals a small er materiali zation rate to suppat its pipelining. We note that
this grategy foll ows the BFP, scheme guidelines discussed previously. Our mathematicd
analysis ensures the BFP, scheme uses lessdisk 1/0 bandwidth. But the analysis does not
provide the amount of disk 1/0 bandwidth savings. This saving is depended onthe

materiali zation rate determination algorithm being used. We use simulation study to quantify
the benefits of the BFP,, scheme, using algorithm MRD in the next sedion.



Algorithm: MRD
SR =Size(RAM)
TH=1.0
fori =1toN do

.. [Heat(O) . '
if ET SR> Sze(O.)E

then
PCR(O) =0 /* Theentireobject Oiiscached * /
else
PCR(O) =1- M
TH [Size(O))
SR =SR - (1- PCR(O)) [Eize(O)
Bm(Oi) = PCR(O) [Bp
TH =TH - Heat(O))

Figure5: Materialization rate deter mination algorithm.

4  Performance Study

To quantitatively evaluate the benefits of BFP,, using algorithm MRD, we have developed a
detailed simulator to compare its performance with the BFP- scheme. We investigate the
disk 1/0 bandwidth savings contributed by the memory buffer management and compare the
performance of those two schemes with that of no memory buffer situation. In this section,
we first describe the simulation model, and then discuss the simulation results.

41 Simulation Model

Our simulator consists of three components. The structure of the simulator is depicted in
Figure 6. The Request Generator is responsible for creating requests. Each request is
characterized by its arrival time and the object requested. Requests arrive at the FIFO queue
where they wait for admission. The Video Server schedules the requests in the queuein
FCFS manner. When disk /0O bandwidth becomes available for serving the pending request
at the head of the queue, the server accepts the request and creates a video stream for this
request. The server reserves the requested disk 1/0 bandwidth till the video playback
completes. The requested disk I/O bandwidth for each individual object is determined by the
PCR used by this object. In the BFPr scheme, al objects use the same PCR. That means
memory buffer rate for every objects are the same. So the PCR used by the BFP: schemeis

Memory buffer space
Databasesize

PCR=1-




In the BFP, scheme, the PCR and requested disk I/0O bandwidth are determined by algorithm
MRD.

Video Server Request Generator

R1[R2|R3(R4

Waiting Queue

Request

Figure 1: Structure of the simulator.

There are many ways to evaluate the performance of the data caching scheme for memory
buffer management. However, the ultimate measurement for a video system is to measure
the number of concurrent streams supported by the system. We define that a data caching
scheme is better than a second one if the video server can support more concurrent streams
using the first data caching scheme under the same hardware (disk 1/0 bandwidth and
memory buffer size). So we use the maximum number of concurrent streams supported as
our performance metric. In terms of workloads, we assume all video objects are MPEG-1
encoded with a playback rate of 1.5 Mbits/sec. The video database consists of 1000 video
objects with their playback duration uniformly distributed between 10 minutes and 20
minutes. That meanstheir sizes vary between 112.5 MB and 225 MB. User request inter-
arrival time is modeled using a Poisson process with the average inter-arrival time varying
between 0.5 and 5 seconds in different simulations.

For each simulation, we ensure the user request inter-arrival time is small enough so that the
FIFO queue always has requests available whenever the video server is ready to accept a
request. The access frequencies of objects in the database follow a Zipf-like distribution.
The access frequency for each video object, O;, is determined as follows:

-
o n 1
! DZH?

where n is the number of objectsin the system, and z(0< z<1) isthe Zipf factor [14]. A

larger z value corresponds to a more skew condition, i.e., some objects are accessed
considerably more frequently than other objects. When z =0, the distribution is uniform,
i.e., al the objects have the same access frequency. A study conducted in [6] and confirmed
in [14] has shown that the video rental pattern in video store follows the Zipf-like distribution
with a Zipf factor z=0.7.

We summarize the simulation parametersin Table 2. We use those parameters to perform our
simulation unless otherwise stated. We vary the memory buffer space and disk I/O
bandwidth to demonstrate how the memory buffer space and disk 1/0 bandwidth affect the
system performance.

fi =



Table 2: Simulation parameters.

Playback rate By, 1.5 Mbits/Sec

Memory buffer space | 9% of database size
Disk I/O bandwidth | 30 Mbytes/Sec

Zipf factor 0.7

Number of objects 1000

Minimum object size | 112.5 MB (10 minutes)
Maximum object size | 225 MB (20 minutes)
Number of requests 20,000

4.2 Performance Under Various Disk 1/0O Bandwidth

The disk 1/0 bandwidth is the decision factor of the system performance in terms of
maximum concurrent streams supported. The number of concurrent streams supported by
the system is proportional to the disk 1/0 bandwidth. In this simulation study, we fix the
memory buffer space at 9% of the entire database size and vary the disk 1/O bandwidth
between 10 MB/sec and 50 MB/sec. The simulation results are plotted in Figure 7.

Concurrent Streams

10 ' 20 ' 30 ' 40 ' 50
Disk 1/0 Bandwidth (MB/Sec)
—— No Buffer — #— BFP-F -- & --BFP-V

Figure 7: Performance under variousdisk I/O bandwidth.

Since the memory buffer spaceis fixed at 9% of the database size, the PCR used for BFP-:
should be 0.91. Hence the disk I/O bandwidth saving using BFP: will be about 9%,
comparing to the no memory buffer situation. Our simulation results show that the BFP,
scheme dramatically increases the system performance over the BFP: scheme and the no
memory buffer situation. Even when the disk 1/0 bandwidth is very small, the performance
improvement using the BFP,, scheme is outstanding. When the disk 1/0 bandwidth is only
10 MB/sec, the BFR,, scheme outperforms the BFP- scheme significantly. In this case, the



system can support 97 concurrent streams using the BFP, scheme, comparing to supporting
58 concurrent streams using the BFP- scheme. The number of concurrent streams supported
increases by 39 using BFP,,, comparing to using BFPg. In the meantime, the system can only
support 53 concurrent streams without memory buffer. When the disk 1/0 bandwidth
increases to 50 M B/sec, the system can support 423 concurrent streams using the BFPy
scheme while it can merely support 293 concurrent streams using BFP:. The number of
concurrent streams supported increases by 130 using the BFP, scheme.

4.3 Effect of Memory Buffer Space

Caching video datain the memory buffer reduces the disk 1/0O bandwidth requirement.
Increasing the memory buffer space should improve the system performance. Inthis
simulation study, we fix the disk 1/0 bandwidth at 30 MB/sec. By varying the memory
buffer space from 3% to 15% of the database size, we plot the performance results in Figure
8.
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Figure 8: Performance under different cache space.

As we expected, the increase in memory buffer space improves the system performance
under the BFPr and BFP,, schemes. The performance improvement using the BFP- scheme
is proportional to the increase of memory buffer space, while the BFP,, scheme improves
over the BFPr scheme by smartly managing the memory cached video data. Increasing the
memory buffer space gives more room for the BFP, scheme to manipulate data and hence
enhance its performance over the BFP- scheme. Our simulation results confirm this
expectation. When the memory buffer spaceis only 3% of the database size, the BFPy
scheme outperform the BFP: scheme by only 42 concurrent streams. When the memory
buffer space increases to 15% of the database size, the BFP, scheme display a 151



concurrent stream increase over the BFP: scheme. In the meantime, the system performance
using the BFP, schemeis 179 concurrent streams better than that not using memory buffer
which can only support 160 concurrent streams.

5 Memory Cache Replacement Scheme

Algorithm MRD determines the individual materialize rates based on the access frequency of
each object. The access frequency of an object changes from time to time. For instance, in a
News-On-Demand system, new headlines are accessed more than the old ones. Some special
events, such as Olympics, attract more people to request the related video objects. Ina
Video-On-Demand system, cartoons are very popular in the United States between 4 PM and
7 PM after children have returned home from schools. Also, adults typically watch movies
between 7 PM and 10 PM. Usually those user access patterns are predictable [5]. To
efficiently manage the system resources (memory buffer space and disk 1/0 bandwidth), we
need to detect the access frequency changes of the video objects. Based on the new access
frequencies of the objects, we re-evaluate the materialization rates for all video objects using
algorithm MRD and hence determine the C-fragment and D-fragment sizes for every object.

Similar to the LRU algorithms where the least recently accessed pages are replaced, the
pages to be replaced are in those | ess frequently accessed objects in our memory cache
replacement scheme. However, within the object, the replaced pages might be the most
recently accessed pages. Essentially our replacement scheme not only considers the access
frequency of the objects but also considers the location of the pages in the object context.
This context sensitive replacement makes our scheme superior to the traditional LRU
replacement algorithms. When an object becomes less frequently accessed, we reduce the
size of its C-fragments, i.e., some pages in each C-fragment are cast out of memory. To
simplify our presentation, we use an example to demonstrate our cache replacement scheme.
As we discussed before, each object is fragmented into many processing units, i.e., pairs of
D, C fragments. We assume each playback unit consists of G pages as depicted in Figure 9.
There are two kinds of pagesin those G pages. D-pages form the D-fragment and C-pages
form the C-fragment.

<— D pages C pages

Pl Pz o o o PD PD+1 PD+2 o o o PG

G=D+C

Figure 9: A G-page processing unit.

For each object, the sizes of the D-fragment and C-fragment in each processing unit are
dynamically adjusted by converting the D-pages into C-pages and vice versa. For instance, if
G ischosen to be 10, 11 combinations of D-fragment and C-fragment depicted in table 5 can
be supported. We note that Combination O corresponds to the case when the entire object is
kept in the memory buffer. On the contrary, Combination 10 corresponds to the case when



caching is not used. When the system determines some object O becomes |ess frequently
accessed, the C-fragment size of this object has to be reduced by converting some C-pages
into D-pages.

Table 3: Combinations of D-fragment and C-fragment.
Combination 0 1 2 3 4 5 6 7 8 9 10
PCR 0 110 | 2/10 | 3/10 | 4/10 | 5/10 | 6/10 | 7/10 | 8/10 | 9/10 | 1
D-fragment 0 1 2 3 4 5 6 7 8 9 10
C-fragment 10 9 8 7 6 5 4 3 2 1 0

Let us say the system has determined object O to be changed from combination
Combi = (D =i,C=G-i) tocombination Comb =(D = j,C=G-j) wherei < j. Then
the following pages can be replaced by the system:

Free(i, j) ={p« |i <k modG < j}
To illustrate this strategy, |et us consider the following example: an object O is currently
changing from combination Combs = (D =3,C =7) to combination Combs = (D =6,C=4).

(Combz and Combg correspond to PCR = 0.3 and PCR = 0.6, respectively.) In this case, the
buffer space occupied by the following set of C-pages can be returned to the buffer pool:

Free(3,6) ={ po4, pos, Pos, P14, Pis, P16, Pas, P25, P26, -+ -}

On the other hand, when system detects some object O becomes more frequently accessed,
we have to increase the C-fragment size for this object to reduce the disk I/O requests. That
means some D-pages will be converted into C-pages. In this case, object O is changed from
combination Combi = (D =i,C=G-1) to combination Comb =(D = j,C=G- j) where

i > j. Then thefollowing pages have to be cached in the memory buffer:

Cache(i, j) ={b«| j <kmodG <i }

In this case, we can use the object O changing from combination Combs = (D =6,C =4) to
combination Combs = (D = 3,C=7) astheexample. Thusthe following pages have to be
cached:

Cache(6,3) ={ po4, pos, Pos, P1s, P1s, P16, P24, P25, P26, -+ - }

6 Conclusion and Future Works

To manage the memory buffer for the video objects, we propose a Bi-directional Fragmental
Pipelining (BFP) technique and its variable buffer size data caching scheme, BFP,, to reduce
the disk 1/0O bandwidth requirement for video servers. Our analysis shows the proposed Bi-
directional Fragmental Pipelining (BFP) technique and related data caching scheme for
memory buffer management is natural for video objects. Not only doesit provide excellent
memory buffer management for video servers, but also it is able to efficiently implement the



special video functions such as Fast-Forward and Fast-Reverse. Most importantly, it
significantly saves the disk 1/0 bandwidth by caching avery small portion of video
fragments. Our simulation results show the BFP, scheme improves the system performance
by 26% using a surprisingly small memory buffer space (3% of the database size), comparing
to no memory buffer situation. When memory buffer space is 15% of the database size, the
system performance improvement over no memory buffer case is 112% using the BFPy
scheme. Overal the BFP, schemeis significantly better than the BFP: scheme. Based on
the proposed BFP, scheme, we have discussed the memory cache replacement method for
video objects. The memory pages to be replaced are determined not only by the access
frequency of the related object but also by the context of the pagesin the object. However,
this memory cache replacement scheme is based on the access frequencies of the video
objects. Those access frequencies are average values over acertain period of time. Ina
more dynamic environment, sometimes the access frequencies of the video objects change
more often. The average over along duration of time might not reflect the conditions of its
constituent periods. Although our simulation study shows that the memory buffer
management based on average access frequencies significantly improves the system
performance, we are still seeking a method that can dynamically adjust the C-fragment and
D-fragment of each object to achieve the optimal system performance. The system cost issue
of the video server under the BFPR,, scheme is another topic for future investigation.
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