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ABSTRACT

In general, existing segment-based caching strategies target one of the following two performance objectives:
(1) reducing client startup delay by giving a high priority to cache the beginning segments of media objects,
or (2) reducing server traffic by caching popular segments of media objects. Our previous study has shown
that the approach targeting the second objective has several advantages over the first one. However, we have
also observed that the effort of improving server traffic reduction can increase client startup delay, which may
potentially offset the overall performance gain. Little work so far has considered these two objectives in concert.
In this paper, we first build an analytical model for these two types of typical segment-based caching approaches.
The analysis on the model reveals the nature of the trade-off between two performance objectives and the
bounds of each are given under certain circumstances. To provide a feasible way to evaluate different strategies,
we propose a new comprehensive performance metric based on the analysis. To understand this performance
trade-off, we restructure the adaptive-lazy segmentation strategy with a heuristic replacement policy to improve
overall performance. The evaluation results confirm our analysis and show the effectiveness of our proposed new
performance metric.
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1. INTRODUCTION

Proxies have been widely used to cache Web pages on the Internet so that subsequent requests to the same object
can be served directly from the proxy without contacting the origin server. Recently, proliferation of multimedia
contents makes proxy caching more difficult. Due to the large sizes of multimedia objects, a full-object caching
strategy can quickly exhaust the cache space. To solve this problem, a number of segment-based proxy caching
strategies!® have been proposed. These strategies cache segments of a media object instead of the entire object
to reduce network traffic as well as the disk bandwidth requirement of the media server. The client startup delay
is also reduced if beginning portions of media objects are cached. Based on their performance objectives, these
caching methods can be classified into two types.

The first type of the segment-based caching methods focuses on reducing client startup delay by always giving
a high priority to cache the beginning segments of media objects. If no beginning segments of a requested media
object are cached, the client may experience a startup delay. In general, we use the delayed start request ratio
to reflect this performance objective. The ratio is defined as the percentage of requests that has to be delayed
because no beginning segment of the requested object is cached in the proxy. Among this type of caching methods,
prefix caching®>7 has been proposed to segment the media object as a prefix segment and a suffix segment. The
proxy caches the prefix segments only and tries to cache as many prefix segments as possible. Prefix caching
is effective when clients mostly access initial portions of media objects as noted in Ref. 8,9. More recently,
the uniform and exponential segmentation strategies have been developed. The uniform segmentation strategy
segments all media objects into fixed-length segments. For example, Rejaie et al.? consider the caching of fixed-
sized segments of layer-encoded video objects. The exponential segmentation strategy segments media objects
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with an exponentially increased segment length.* The intuition of this strategy is based on the assumption that
later segments of media objects are less likely to be accessed. Thus, the beginning segments are given a high
priority for being cached. A combined use of these strategies can be found in Ref. 5, in which simple constant
segment length and exponentially increased segment length are both considered.

The second type of segment-based caching methods tries to improve the server traffic reduction. In general,
we use proxy byte hit ratio to reflect this performance objective. Byte hit ratio is defined as the percentage of
requested bytes that can be served from proxy caches. An example of this type of caching methods is found in
the adaptive-lazy segmentation work® proposed by us most recently. Based on the observation made in previous
research®? that client accesses to media objects always represent a skewed pattern with a lot of accesses to a few
popular objects that are likely to be fully or largely accessed, the adaptive-lazy segmentation strategy favors the
caching of popular segments without giving a high priority to beginning segments. Our previous study® shows
that this caching strategy can achieve a higher byte hit ratio. However, we have also observed that the effort of
improving the byte hit ratio has also increased the delayed start request ratio, which may potentially offset the
overall performance gain.

To find out whether these two objectives can be considered together and to obtain insights into optimizing
both performance objectives, we first build an analytical model for two types of segment-based proxy caching
strategies. Specifically, we choose to build the model based on typical representatives of each type of caching
strategy discussed above, namely, exponential segmentation and adaptive-lazy segmentation strategies. The
analysis of the model reveals the nature of the trade-off between the byte hit ratio and delayed start request
ratio. The analytical model also gives the performance optimization bounds under certain conditions for these
segment-based proxy caching strategies. To provide a feasible way to evaluate different strategies, we also propose
a new comprehensive performance evaluation metric, weighted miss rate, to evaluate both performance objectives
in one unified metric.

To understand the aforementioned performance trade-off, we restructure the adaptive-lazy segmentation
strategy with a heuristic replacement policy in order to achieve a better overall performance gain. The redesigned
strategy dynamically divides the proxy into a 2-level cache and achieves both performance objectives adaptively.
The evaluation results confirm our previous analysis and show the effectiveness of our proposed new performance
metric.

The rest of the paper is organized as follows. In Section 2, we outline the exponential segmentation strategy
and the adaptive-lazy segmentation strategy. The performance of both strategies is briefly compared to motivate
our work in this study. The analytical model of both strategies and the corresponding analysis are presented
in Section 3. Based on the analysis, we restructure the adaptive-lazy segmentation strategy and evaluate its
performance in Section 4. Other related work is discussed in Section 5 before we conclude in Section 6.

2. RELATED WORK AND MOTIVATION

Among the existing caching strategies focusing on reducing the delayed start request ratio, studies®  have shown
that the exponential segmentation strategy performs the best. On the other hand, the adaptive-lazy segmentation
strategy performs the best in improving the byte hit ratio.® In this section, we outline these two representative
caching methods and briefly present their comparative performance results.

The following notations are used for both strategies.
(1) T: the time instance the object is accessed for the first time;
(2) Ty: the last reference time of the object. It is equal to 77 when the object is accessed for the first time;
(3) T¢: the current time instance ;

2.1. Exponential Segmentation Strategy

The exponential segmentation strategy segments each media object exponentially. It then admits the segments
of the object according to their relative positions in the object and their caching utilities by the admission policy.
The segment replacement uses the LRU policy for the replacement of the beginning segments and always replaces
the segment with the least caching utility for the later segments, respectively. More details can be found in Ref. 4.



2.1.1. Segmentation Method

A media object is divided into multiple equal-sized blocks. Multiple blocks are then grouped into a segment by
the proxy. The size of a segment is sensitive to its distance from the beginning of the media object. The number
of blocks grouped in segment i is 2¢1. In general, segment i is twice as large as segment i — 1. The purpose of
this method is to allow the proxy to quickly discard a big chunk of cached media objects.

2.1.2. Admission Policy

A two-tiered approach is used for admission control. For a segment with a segment number smaller than a
threshold, K,,;5, it is always eligible for caching. However, for a segment with a segment number equal to or
larger than K,,;,, it is determined to be eligible for caching only if its caching utility is larger than some cached
segments also with segment number equal to or larger than K,,;,. For this purpose, a portion of the cache space
is reserved to store the beginning segments only while the remaining of the cache space is used to store the
later segments. With such a cache admission control, at least the first K,,;, segments are stored for any cached
objects by reserving a cache portion large enough for the beginning segments.

2.1.3. Replacement Policy

The caching utility of a segment depends on the reference frequency of an object and the segment distance. It is
defined to be the ratio of reference frequency over the segment distance. The reference frequency is estimated as
ﬁ. As a result, the caching utility of segment ¢ of an object is defined as m According to the caching
utility of the segment, two LRU stacks are maintained for the first K,,;, segments and the later segments. When
an object is requested for the first time, the first K,,;, segments are always eligible for caching as a unit and the
LRU scheme is used to find the replacement, while the later segments are always not cached for the first time.
A later segment is eligible to cache only if its caching utility is greater than that of its replacement segment.

2.2. Adaptive-lazy Segmentation Strategy

In this strategy, each object is fully cached by the aggressive admission policy when it is accessed for the first time.
The fully cached object is kept in the cache until it is chosen as an eviction victim by the replacement policy. At
which time, the object is segmented using the lazy segmentation method and some segments are evicted by the
replacement policy. From then on, the segments of the object are adaptively admitted or adaptively replaced
segment by segment. More details can be found in Ref. 6. The following additional notations are needed to
define this strategy.

(4) Lgym: the sum of the duration of each access to the object;
(5) ng: the number of accesses to the object;

(6) Ly: the length of the base segment;

(7) ng: the number of the cached segments of the object.

Thus, at time instance T, the access frequency F' is denoted as

denoted as L;;”" .

Na
Tn—T1’

and the average access duration L, is

2.2.1. Aggressive Admission Policy

For any media object, the cache admission is considered aggressively in one of the following procedures whenever
the object is accessed. (1) If the object is accessed for the first time, the whole object is subsequently cached
regardless of the request’s accessing duration. The cache space is allocated through the replacement policy
if there is no sufficient space. (2) If the object has been accessed and is fully cached, no cache admission is
necessary. (3) If the object has been accessed but it is not fully cached, the proxy aggressively considers to cache
the (ny + 1)th segment if Ly,y > 5 X (ns + 1) x Ly. The inequality indicates that the average access duration is
increasing to the extent that the cached ng segments can not cover most of the requests while a total of n, + 1
segments can for a normal distribution. Therefore, the proxy should consider the admission of the next uncached
segment.



2.2.2. Lazy Segmentation Method

The basic idea of the lazy segmentation method is as follows. If the victim object chosen for replacement turns
out to be fully cached, the proxy segments the object in the following way. The average access duration L., at
that time instance is calculated. It is used as the length of the base segment of this object, that is, Ly = L.
Note that the value of Lj is fixed once it is determined. The object is then segmented uniformly according to
Ly. After that, the first 2 segments are kept in cache, while the rest is evicted by the replacement policy.

2.2.3. Two-Phase Iterative Replacement Policy
Tp—Ty

Tff"' XMIN{1, 7"}

By defining the utility function as X , the two-phase iterative replacement policy works as
follows. Upon an object admission, if there is not enough cache space, the proxy chooses the object with the
smallest utility value at that time as the victim, and the segment of this object is evicted in one of the two
phases as follows. (1) First Phase: If the object is fully cached, the object is segmented by the lazy segmentation
method. The first 2 segments are kept and the remaining segments are evicted right after the segmentation is
completed. Therefore, the portion of the object left in cache is of length 2 x Ly. Given that Ly = Lgyg at this
time instance, the cached 2 segments cover a normal distribution in the access duration. (2) Second Phase: If
the object is partially cached, the last cached segment of this object is evicted. The utility value of the object is
updated after each replacement and this process repeats iteratively until the required space is found.

2.3. Representative Performance Comparisons

In this section we present some representative performance data of these two strategies. The purpose of this is
to show their different gains in the two performance objectives. The workloads used for the evaluation, WEB,
VOD, PARTIAL and REAL, will be presented in section 4.2.

2.3.1. Comparisons on Complete Viewing Workloads

By using a complete viewing workload WEB, when the cache size is 10%, 20% and 30% of the total object size,
the byte hit ratios achieved by the lazy segmentation and the exponential segmentation are about 50% and 13%,
67% and 29%, 75% and 39%, respectively (Note that in the following context, we always use lazy segmentation
and exponential segmentation to represent their corresponding strategies.). The performance gap is more than
30% in average. At the same time, the delayed start request ratios achieved by the two strategies are about
44% and 12%, 34% and 3%, 29% and 2%, respectively. The gap is also about 30%. The performance result
has a same trend when another complete viewing workload VOD is evaluated. More details will be presented in
section 4.2.2.

2.3.2. Comparisons on Partial Viewing Workloads

Using a partial viewing workload PART, when the cache size is 10%, 20% and 30% of the total object size,
the byte hit ratio achieved by the lazy segmentation is 28, 42, and 7 percentage points, respectively, more than
those of the exponential segmentation. At the same time, the delayed start request ratio achieved by the lazy
segmentation is 34, 24, and 13, percentage points, respectively, more than those of the exponential segmentation.
The results using another partial viewing trace reflects the similar trends. More details will be presented in
section 4.2.3.

2.4. The Major Theme of This Study
Motivated by the performance comparisons presented in the previous subsection, we want to ask the following

three questions:

e Q1: What causes the lazy segmentation to have a high byte hit ratio along with a high delayed start
request ratio and how?

e Q2: How to evaluate the overall performance of any strategy by a pair of performance objectives with
conflicting interests?



e Q3: Is it possible to achieve the objective of both a high byte hit ratio and a low delayed start request
ratio?

We can qualitatively answer Q1 as follows*. The lazy segmentation always favors to cache popular segments
without giving a high priority to the beginning segments, while the exponential segmentation strategy sets an
opposite priority. To provide more insights into this and for answering Q2 and Q3, we have developed an
analytical model to be presented in the next section.

3. PERFORMANCE ANALYSIS OF SEGMENT-BASED PROXY CACHING
STRATEGIES

An analytical model is built to analyze the two representatives: exponential segmentation and lazy segmentation
for the ideal situation where the replacement policy always finds the victim with the least utility value for being
replaced. Thus the effect of other factors can be excluded so that we can understand the insights of the reason as
discussed in subsection 2.4. More importantly, with insightful understanding, we are able to make performance
optimization by answering Q2.

3.1. Analytical Model

During a time period, there are n objects O; the proxy has served, where 1 < i < n. Several assumptions are
made as follows:

1. The request arrival interval process follows Poisson distribution with mean arrival rate A. The request
arrival interval process to each individual object O; is independently sampled from the aggregate arrival
interval process based on probability set p;, where E;i’f p; = 1.

2. The popularity of the object follows a Zipf-like distribution and it models the probability set p;, where

fi=nx ilg, 6 >0 and p; = —Li—, i =1, 2, ...,n; 7 is the normalization factor. In our experiments, it is

2o fi

set as 1.

3. Assume that all the clients view their objects completely. This is a strong assumption to ease the analysis.
We expect the conclusion is also valuable for partial viewing cases.

The first assumption means that the request arrival interval process follows Poisson distribution with a mean
arrival rate A\; = A X p;.

The second assumption leads to

X
= T
Y nX

Since the popularity of each object p; follows Zipf-like distribution, thus p; > p;41 and A1 > Ay > As... > A,,.

/\Z’Z/\X

Some notations are presented as follows:

e [;: the length of each object, where 1 < i < n;

C': the total cache size;

Chpresiz: the reserved cache space for the beginning segments in the exponential segmentation;

B 1 Cprefiz is the B percentage of the total cache size, i.e., Cprefic = C X B;

Crest: the cache space other than the Cpre i in the exponential segmentation, where Crest = C—Chpregiz =

Cx(1-7).

*The evaluation in our previous study® can exclude several other reasons, such as the freeing of the reserved space in
the lazy segmentation.



e a: percentage of beginning part of objects, if cached, no startup delay is perceived by clients. t.

Thus, ideally, for exponential segmentation, assuming the Cprefiz can cache the first ¢ objects’ prefix segments,
t must satisfy the following condition:

i=t i=t+1
ZLi X a< CpTefia: and Z L; x o> Cprefi:l:- (2)
i=1 i=1

Ideally, assuming the rest of the cache size C)..s; can cache the first m object’s remaining segments, m must
satisfy the following condition:

i=m i=m+1
Z Lz X (1 — Oé) S Crest and Z Lz X (1 — a) > Crest- (3)
=1 =1

For lazy segmentation, no cache space is allocated separately to cache the initial segments of the object, thus,
ideally, assuming the whole cache could be used to cache the first k£ objects according to the popularity, & must
satisfy the following condition:

i=k i=k+1
Y Li<C and Y Li>C. (4)
=1 =1
To this end, we express the delayed start request ratios for exponential segmentation and lazy segmentation
as follows: i
E:? 1 Ai
Pietay-F = “Zomir— (5)
PEHPY
and i
Pdelay—L = %7 (6)
Diot A
respectively.

Without considering the misses when the object is accessed for the first time, their corresponding byte hit

ratios are: _ 3
Z;;?+1 Ai x Ly xa+ Zz_n Ai X Ly x (1 —a)

hit— FE ZZ;? )\i X Li ( )
and .
N X L
Pryp—r =1~ % (8)
Zz’:]_ Ai X L
respectively.

Having the general model and the byte hit ratio and the delayed start request ratio, we now start to find
answers to Q1 and Q2 in the following by analyzing and comparing them thoroughly in different situations.
3.2. Performance Objective Analysis

In order to find the right answer to Q1, we analyze the performance objectives one by one based on the model
we have built.

"Note that if instead of caching the first a percentage, caching a constant length of the prefix segment Ly i, of each
object will lead to the same results. They are equivalent.



3.2.1. Delayed Start Request Ratio

Equation 5 and Equation 6 indicate that the relationship between ¢ and & determines which technique performs
better in terms of the delayed start request ratio.

Based on Equations 2 and 4, by comparing
i=t
>s O
i=1
we can get that if g > 1, it will lead to ¢t > k. Through Equation 5 and Equation 6, ¢ > k means that the

exponential segmentation has a better (less) delayed start request ratio. Otherwise, ¢t < k, and lazy segmentation
will perform better.

Exponential segmentation always caches beginning segments of all objects, which leads to k& < ¢. Thus, in
terms of the delayed start request ratio, exponential segmentation normally performs better than lazy segmen-
tation.

3.2.2. Byte Hit Ratio

Based on Equation 7 and Equation 8, we can see the relationships among ¢, m, and k are deterministic to the
byte hit ratio.

We now provide a thorough evaluation of all possible situations as follows.

o m=1:

Equation 7 can be written as:

E@ tp1 i X Li
STt x Li
Compared with Equation 8, the problem once again comes to the relationship of ¢ and k. If ¢ > k, then

exponential segmentation performs better. If ¢ < k, lazy segmentation performs better.

Phiv—p =1— (9)

When m = t, there are m or t objects cached by the exponential segmentation totally. Thus, we can get
t = k. Thus, lazy segmentation will perform the same as exponential segmentation in terms of the byte hit
ratio.

e m<t:
Equation 7 can be written as:

Zl PPy xLﬁ—Zl m+1)\ixLix(1—a)

Prit-g=1-—
S L

Equation 8 can be written as:

Zz k+1’\XL+Ez t+1 Ai X L

Pt =1—
1 Sk L

(11)

= m—i—l)‘i XL,’ X (l—a) and Eﬁ:k-}-l)‘i XL,’ IfX:z m—i-l)‘i XL,’ X (].—Oé) >
E:Z k41 Ai X Li, lazy segmentation performs better. Otherwise, exponential segmentation performs better.

Thus, we must compare E

When m < t, there are m objects fully cached for exponential segmentation. Thus, for lazy segmentation,
there are more objects fully cached and we can get that ¥ > m. Therefore, we further analyze the case
when k > m and t > m as follows.

Since

Z)\xLxl—a Z/\XL+Z)\XL (1-a) (12)

i=m-+1 i=m+1 i=k+1



t t t
ZA,-XL,-:Z/\ixLixa—FZ)\ixLix(l—a), (13)

i TrL+1)\ x L; x (1—a) and 3L pr Ni X Li X a.

From Equations 2, 3, 4, we have

we must compare Y

c B c 18 C
t=——x>, m=75x3iB k= : (14)
wae «a Lave 1o LIUC/UE

where Lt, . denotes the average value of L; to Ly, L™ denotes the average value of L; to L,,, and Lk
denotes the average value of Ly to Ly.

Assume objects are of equal length, then L!,, = L™ = L* = L,,.. (Note that this assumption simplifies
the condition. However, we have proved it does not affect the conclusion we will draw. Details of the proof

are omitted in this study.) Thus

t=kx=,m=kx 1-8
«a l—-a
Since A; > Aiy1, we get
i=k
Z NxLix(1—a) > Z A1 X Li X (1 = a) = Ap1k(8 — @) Lave (15)
i=m+1 i=m+1
and
t t
S XxLixa <3 g x Li x a = Xey1k(8 — @) Laye. (16)
i=k+1 i=k+1

Based on Equations 15 and 16, it is clear that exponential segmentation performs worse in byte hit ratio
when m < t. This confirms the performance comparisons in section 2.3.

o m>t:
Equation 7 can be written as:

ZZ t+1’\ x L; ><04+2:z m+1)\ x L;

Pryyy_p=1-—
1 R

(17)

Equation 8 can be written as:

Z’L k+1)‘ XLZ+ZZ m+1)\iXLi

Prig—=1—
ST h x L

(18)

Thus, we must compare Ejzﬂl AixLixaand 77", A x L; (Note that if k+1>m, 37", | X x L is

defined as — Ez—m+1 Ai x L;). It Zz—t+1 Aix Lixa>Y ", | X xL;, exponential segmentation performs
worse. Otherwise, lazy segmentation performs worse.

When m > t, there are only ¢t objects that are fully cached for exponential segmentation, so it must be
k > t. Thus, the further analysis will be done when m >t and k > t as follows.

Since

Z)\iXLiXOl:Z)\iXLixa“‘Z)\iXLixa (19)



and . . .
Z)\iXLi: Z)\iXLixa'i‘Z)\iXLiX(l_a), (20)
i=k+1 i=k+1 i=k+1

it comes to compare E;iﬁrl Ai X L; X a and Z;’;Hl AMiXxLix(1—a).

Since A; > A;y1, with the same assumption as before that objects are of same length, it is easy to get

i=k i=k
DoAixLixa 2 > Mg x Li xa=(a— B)kAit1Lave (21)
i=t+1 i=t+1
and
Do NxLix(l—a) < Y Xepr x Lix (1—a) = (@ — Bkt Lave- (22)
i=k+1 i=k+1

Based on Equations 21 and 22, we can get that when m > ¢, lazy segmentation performs worse in terms
of byte hit ratio under these assumptions. However, m > t leads to k > t, recall the analysis conclusion in
3.2.1, when k > t, lazy segmentation will perform better in terms of the delayed start request ratio.

In reality, exponential segmentation always caches all objects’ beginning segments, thus, m > ¢ is always
true.

The results of the above analysis show that the performance of segment-based caching strategies is always a
trade-off between the byte hit ratio and the delayed start request ratio. They are affected by the relationships
of ¢, m, which are determined by «, 8, n and L. (Note that for the lazy segmentation strategy, in the sense
that we do not reserve a part of the cache space for caching the beginning segments of objects, 8 = 0; however,
if counting the cache space used for caching the beginning segments of objects, a dynamically changing non-zero
B is used. For the prefix caching, 8 is set to 100%.) Based on the analyis results, if m is decreased, the achieved
byte hit ratio is reduced. However, the decrease of m leads to decrease of ¢, which results in a reduced delayed
start request ratio. This seems to indicate that we can use the byte hit ratio to trade for delayed start request
ratio. Whether this is true or not is critical to Q3. And if this is true, how to evaluate the overall performance of
any strategy so that they are comparable is interesting as Q2 states. We will answer these questions heuristically
after we derive the performance bounds for each performance objective.

3.3. Performance Bound Analysis

We have learned that these two performance objectives are always a trade-off between each other. However, how
much performance can be optimized is not answered yet. In this section, we will give performance bounds based
on the model so that they can guide the performance optimization under certain conditions as our assumptions

state. We also assume the objects are of equal length as before. That is, Lt,, = L™ = L¥ = = L,,..

3.3.1. Delayed Start Request Ratio
For the exponential segmentation strategy, substituting Equation 1 in Equation 5, we get

i=1 i? i=t+1 i_g_ (23)

= nx
Dimtm AX gv=r 5 ghimn g

Pdela E = -
y— . 1 i=n 1
_ X
TP A X i 21w
i=1 S ¢
i=1 i9

Carefully using the series theory and integration on Equation 23,
[ ] 0 = ]_
szﬂ % ftn %di _Inn—Int

- < =
Sl S i me)

i

Pdela;y—E =



and

i=n 1 ntl g n+1
E¢=t+17 t+1 7di _ In 1

ity Jen G IR
St S e[ T

Pdelany‘ =

Having t = -< xg,U:L we have

Lave Lave’
pMaz _ Inn—1InU x g (24)
delay—E — In (n ¥ 1)
and
in ln(n+1)—ln(Ux§+1)
Pcfwelay—E = 1+1nn - (25)

For Equation 24 and 25, the larger the value of 3, the smaller the values of Pyl 5 and Pji .. and
the smaller the value of 3, the larger the values of P22 - and Pj’[elfl’;_ B

delay—
e §#£1
i=n 1 n o1 g. _ _
P E_Zi:t+1i_9< fti—gdz B nl—0 _ 410
etay—L — i=n 1 — g+l 1 5.7 (p 4 1)1-6 —1°
Ei:l i f1 i_9dz (n+1) 1
and
i=n 1 "+1L .
Pitor—p = Zi;H—l 0 L+1 o4 B G D it e § i
elay— ZZ:H L el 1+fn %di n1—076 .
i=1 49 1 i

Having t = +& x%,UzL we have

Lave Lave’
Mas n1—o _ (U x 5)1—9
Pdelay—E‘ = (n ¥ 1)179 _1 (26)
and 1-6 B 1-6
i _ (D - (Ux 2y ”
delay—E — ni-0_¢g . ( )

t'=% is an increasing function when 0 < # < 1, and a non-increasing function when 6 > 1. Thus, the larger
the value of 3, the smaller the values of Pﬁl‘;ﬂ;_ g and P&"’Idfl’;_ g, and the smaller the value of 3, the larger

Mazx Min
the values of Pdelany and Pdelay,E.

For the lazy segmentation strategy, substituting Equation 1 in Equation 6, we get

i=n nx Lfl
Yot A X =T i=n 1
P _ =kt Zi:l nxila _ zi:k+1 i (28)
delay—L — i ﬂx% - Zi:n 1
Pt AX == i=1 39
= Ei:l x5
Carefully using the series theory and integration on Equation 28,
g
< 0=1 Inn—InU
pMae MR —INY 2
delay—L In (n+ 1) ( 9)
and 1 1 In(U+1
piin I+ 1) U1 (30)

1+Inn



e §#1

1-6 1-6
Max n — (U)
Pdelay L= (n+ 1)179 1 (31)
and 1-6 1-6
in n+1 U+1) "~
L M UL e (32)

Equations 24, 26 and Equations 29, 31 give the upper bounds for the exponential segmentation and the lazy
segmentation strategies, respectively, with different 6 conditions. Equations 25, 27 and Equations 30, 32 give
lower bounds for them in the ideal situation.

3.3.2. Byte Hit Ratio

For exponential segmentation, based on Equation 7, substituting the A; from Equation 1, we get

Prit g = 1—

"‘XE, =t+1 19 +0- O‘)XZ1 m+1 10 (33)

Dy
i=1 0

Carefully using the series theory and integration on Equation 33,

[ ] 9 =1 n+l n+1
patee _y Mo Um0 x I pen (34)
hit—E — 4+ — 1 +1nn
and a ) x1
2+ (1—a)xIn—2—
pMin 1 _ Uxg Ux1=g (35)
hit—& In(n+ 1) ’
e §#£1
pras _y_ (D —ax @ xU+D (1=0)x (timeg x U +1)'° (36)
hit— E nl_o —9 nl— 9 _ 9
and
puin_ _q (W ax(gxU)T (ma)x (El X U)l 0) (37)
e (n+1)=7 -1 (n+1)'- '
For lazy segmentation, based on Equation 8, substituting the A; from Equation 1, we get
i=n i=k i=k
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Carefully using the series theory and integration on Equation 38,
< 0=1 1+InU
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hit—L — 1n(n+1) (39)
and _—
P, = 20D (40)
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Equations 34, 36 and Equations 39, 41 give the upper bounds for the exponential segmentation and the lazy
segmentation strategies, respectively, with different 6 conditions. Equations 35, 37 and Equations 40, 42 give
the lower bounds for the ideal situation.

It is important to note that these upper and lower bounds are based on the model we built for ideal situations.
Thus, the upper bounds we found here are valid upper bounds for general situations, while the lower bounds are
only valid for ideal situations.

3.4. A New Overall Performance Objective

Based on the modeling, we understand the inherent trade-off between the two performance objectives, which
wakes it difficult to evaluate the overall performance of a strategy. In this section we will provide a way to
overcome this difficulty by defining a new performance metric, weighted miss rate, which flexibly combines the
byte hit ratio and the delayed start request ratio together.

We use Py and Ppeqy to represent the byte hit ratio and the delayed start request ratio the strategy can
achieve. They can be considered as that among the first a percentage of the data of the objects, there is Pyejqy
percentage that can not be delivered from the proxy on average. Among the remaining 1 — a percentage of
the data of the objects, there is Py — a X (1 — Ppeay) percentage of the data cached in the proxy. Thus,
1 — (PHit — @ X (1 — Ppeiay)) represents the uncached percentage that can not be delivered from the proxy.
Assigning different weights to the two parts as w, and wy (w, +wp = 1), we have the weighted miss rate defined
as follows:

Pwyr =we X (1 — (Prit — @ X (1 — Ppeiay))) + ws X (Ppelay)- (43)

Equation 43 implies that the smaller Ppejqy is, the higher Py is and the smaller Py g is. Thus, the strategy
design and optimization objective is to minimize the weighted miss rate. With the same assumptions as before,
w, and wp can be set to be the same when the startup delay and the delay caused by cache miss from the
later segments are of the same importance. Specifically for the exponential and lazy segmentation strategies, the
minimum weighted miss rates thus are

(2= @) x (n+1)'70 — (2xCfaxtane)=0 (1 —a) x (G270 +1)'°

g_'_ aXLgye _ (1—a)XLgye
2 2xnl—f% —2x80 2xnl—f0 —2x80 ’
and
a 2—a« ("+1)1_9 _(Lf;e +1)1_9
2 + 2 X ni-0_9 J (44)
when 6 # 1.

4. REVISIT ADAPTIVE-LAZY SEGMENTATION STRATEGY

Having obtained the answers to Q1 and Q2, and being motivated by them, we now try to answer Q3. We
want to know if the trade-off between the two performance objectives can be leveraged to get both a good byte
hit ratio and a low delayed start request ratio. For this purpose, we re-design the adaptive-lazy segmentation
strategy with a heuristic replacement policy and evaluate it using different workloads in this section.



4.1. Three-phase Iterative Replacement Policy

We have learned that the adaptive-lazy segmentation strategy has no reserved space for caching the beginning
segments of objects, which is equivalent to have a dynamically changing § if counting all the space occupied by
the beginning segments of different objects. If we set a fixed and proper 3, it is possible to get a good balance
between the byte hit ratio and the delayed start request ratio. However, if a fixed § is set, the performance
will be workload-dependent since it is not realistic to assume a known number of objects a proxy would serve a
priorit

To keep the adaptiveness while still achieving good performance results, a three-phase iterative replacement
policy is designed heuristically. We expect a more accurate (though dynamically changing) 8 can be set through
the three-phase iterative replacement policy. We first define the startup length and the utility function of an
object.

The startup length of an object is defined to be the first o percentage of the data of the object that, if cached
by the proxy, produces no startup delay. Note that o can vary depending on the bandwidth between the proxy
and the client. For a low bandwidth link, « can generally be set larger. For a high bandwidth link, a can
generally be set smaller.

The caching utility function is defined as follows (similar to that in Ref.%):

Tp—Ty

T (45)

F x Leum x min(1

TLSXL[)

Several factors have been considered in this utility function:
1) the average duration of accesses L;L””;
2) the access frequency F' (defined as before);

(1)
(2)
(3) the length of the cached data ns x Ly, which is the cost of the storage;
(4)

Ty —Ty

4) the probability of the future access min(1, #"2=).

The replacement policy considers the possibility of future accesses as follows: it compares T, — T}, the time
interval between now and the most recent access, and T Tl , the average time interval for an access happening

in the past. If T, — T, > Tn L. the possibility that a new request will arrive soon for this object is small.
Otherwise, it is highly p0551ble that a request will come soon.

The three-phase iterative replacement policy works as follows. Upon object admission, if there is insufficient
cache space, the caching utility of each currently cached object is calculated. The object with the smallest utility
is chosen as the victim object, and partial cached data of this object is evicted in one of the following three
phases.

e First Phase: If the object is fully cached, the object is segmented by the lazy segmentation method. The
first 2 segments are kept and the rest of the segments are evicted right after the segmentation is completed.

e Second Phase: If the object is partially cached with more than 1 segment, the last cached segment of this
object is evicted.

e Third Phase: If the victim has only the first segment and is to-be-replaced, then its startup length and the
base segment length is compared.

— If its startup length is less than the base segment length, the startup length is kept and the rest
is replaced. Since the portion being kept has a small storage size, its caching utility value will be
increased significantly, and the object has a much less chance to be chosen by the replacement policy
as victim again soon. That is to say, the object has a better chance to stay in the cache to lower the
delayed start request ratio. Depending on the value of its utility, the startup length of an object could
still be replaced if it is smaller than any cached object’s caching utility.

If we try to refine the exponential segmentation by setting up a more proper but fixed 3, the same problems exist.



— If the startup length is greater than or equal to the base segment length, it will be replaced totally.

The utility value of the object is updated after each replacement and this process repeats iteratively until the
demanded space is found.

With the three-phase replacement policy, the disk cache is automatically divided into two portions. One
portion is used to cache the segments of the objects. The other portion is used to cache the startup length of
the objects. Though the cache size is fixed, the size of each portion is varying. The disk thus becomes a flexible
2-level cache. The size of each level dynamically changes according to reality. Thus, in the running time, the new
adaptive-lazy segmentation strategy has an ever-changing 8 value and could be prefix caching or adaptive-lazy
segmentation or exponential segmentation at different time periods. So it combines their merits dynamically.
Since each object goes through at most three phases before it is fully replaced, this policy is called three-phase
replacement policy.

4.2. Evaluation of Three-phase Adaptive-lazy Segmentation Strategy

Having designing the new heuristic strategy, we want to evaluate if the results are as our expectation.

4.2.1. Workload Summary

To evaluate the performance, we conduct simulations based on both synthetic workloads and a real workload
extracted from enterprise media server logs. Three synthetic workloads are designed. The first simulates accesses
to media objects in the Web environment in which the length of the video varies from short ones to longer ones.
The second simulates video access in a video-on-demand (VOD) environment in which only longer streams
are served. Both workloads assume full viewing client sessions. We use WEB and VOD as the name of these
workloads. These workloads assume a Zipf-like distribution (p; = f;/ Efil fi» fi = 1/i?) for the popularity of the
media objects. They also assume request inter arrival to follow Poisson distribution (p(z, A) = e *x(\)*/(z!),z =
0,1,2...).

In Web access case, client accesses to video objects may be incomplete, that is, a session may terminate before
the full media object is delivered. We simulate this behavior by designing a partial viewing workload based on
the WEB workload. We use PART as the name of the workload. In this workload, 80% of the sessions terminate
before 20% of the object is delivered.

For the real workload named REAL, we obtained logs from HP Corporate Media Solutions covering the
period from April 1 to April 10, 2001. There are a total of 403 objects, and the unique object size accounts to
20G. There are 9000 requests, which run for 916427 seconds, roughly 10 days. No Poisson or Zipf distribution
is used. Our analysis shows that 83% requests only view the objects for less than 10 minutes and 56% requests
only view the objects for less than 10%. Only about 10% requests view the whole objects.

Table 1 lists some known properties of the synthetic workloads and the real workload.

Workload | Num of | Num of | Size | A 0 Range | Duration
Name Request | Object | (GB) (minute) (day)
WEB 15188 400 51 4 1047 | 2-120 1
VOD 10731 100 149 | 60 | 0.73 | 60-120 7
PART 15188 400 51 4 1047 | 2-120 1
REAL 9000 403 20 - - 6-131 10

Table 1. The Workload Summary
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Figure 1. WEB: Byte Hit Ratio & Delayed Start Request Ratio

4.2.2. Evaluation on Complete Viewing Workloads

In the figures, Lazy Segmentation-2 Phase represents the adaptive-lazy segmentation strategy with two phase
replacement policy as we proposed in,® while Lazy Segmentation-8 Phase represents the redesigned strategy
with three phase replacement policy. Exponential Segmentation denotes the exponential segmentation strategy.
For exponential segmentation, the client will not experience a startup delay if the first 6 segments are cached in
the proxy. For a fair comparison, the same length is used in the other two strategies.

Figure 1 shows the performance results using the WEB workload. As shown in Figure 1(a), compared with
the lazy segmentation-2 phase, the lazy segmentation-3 phase achieves a little lower byte hit ratio when the cache
size is of 10%-50% of the total object size. However, Figure 1(b) shows that it achieves a much lower delayed
start request ratio, very close to that of the exponential segmentation, except when the cache size is 10%-40%.
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Figure 2. VOD: Byte Hit Ratio & Delayed Start Request Ratio

Figure 2 shows the performance results based on the VOD workload. Trends similar to those in Figure 1
occur in Figure 2. Due to the average longer accessing time of the VOD sessions, Figure 2(b) shows a very close
result of the delayed start request ratio to that of exponential segmentation.

4.2.3. Evaluation on Partial Viewing Workloads

Figure 3 shows the performance results of the PARTTAL workload. It shows similar trends to those of WEB.
Due to the 80% prematurely terminated sessions, the performance gaps are larger when compared with the lazy
segmentation-2 phase for the byte hit ratio and with exponential segmentation for the delayed start request ratio.

Performance results using the REAL workload are shown in Figure 4. Figure 4(a) shows very close results
on the byte hit ratio for lazy segmentation-3 phase and lazy segmentation-2 phase. This is due to the fact that a
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Figure 4. REAL: Byte Hit Ratio & Delayed Start Request Ratio

lot of sessions are terminated earlier, thus a lot of space can be used to cache the frequently accessed beginning
segments of different objects. Figure 4(b) shows that for the delayed start request ratio, lazy segmentation-3
phase achieves a better result than that of lazy segmentation-2 phase. Having evaluated the workloads extracted
from the HP Media logs in different periods, we found that lazy segmentation-3 phase can achieve a much
larger performance gain. Therefore, Figure 4 indicates that even in a situation that does not favor the lazy
segmentation-3 phase strategy, our proposed strategy can still outperform other strategies.

So far our heuristic approach to trade a little reduction of the byte hit ratio for a large decrease of the delayed
started request ratio is thus verified to be effective.

4.2.4. Evaluation Using Weighted Miss Rate

As shown in Figure 5, the lazy segmentation-3 phase always achieves the minimum weighted miss rate. For
the WEB, VOD and PART workloads, the weighted miss rate achieved by lazy segmentation-2 phase is closer
to exponential segmentation than lazy segmentation-3 phase. For the REAL workload, it is close to the lazy
segmentation-3 phase due to the large amount of early terminated sessions. This indicates that a lot of perfor-
mance gain on the byte hit ratio of lazy segmentation-2 phase is offset by the deterioration of the delayed start
request ratio. These results consistently confirm the effectiveness of our proposed overall performance metric.

5. OTHER RELATED WORK

Proxy caching of streaming media has been explored in Ref. 1-4,10-19. Prefix caching and its protocol consider-
ation as well as partial sequence caching are studied in Ref. 1,10,20 . In video staging,'? a portion of bits from
the video frames whose size is larger than a predetermined threshold is cut off and prefetched to the proxy to
reduce the bandwidth on the server proxy channel. In Ref. 2,3,15, a similar idea is proposed for caching scalable
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Figure 5. Weighted Miss Rate

videos that co-operates with the congestion control mechanism. In Ref. 14, the proposed approach attempts to
select groups of consecutive frames by the selective caching algorithm, while in Ref. 21, the algorithm may select
groups of non-consecutive frames for caching in the proxy. The caching problem for layered encoded video is
studied in Ref. 16. The cache replacement of streaming media is studied in Ref. 18,19.

6. CONCLUSION

Server traffic reduction and client startup delay are two different performance objectives of proxy caching in
streaming media delivery systems. Current segment-based proxy caching approaches rarely achieve good per-
formance on both fronts. In this paper, through model-driven analysis on two types of existing segment-based
proxy caching strategies, we have analytically illustrated the trade-offs between these two objectives. To provide
a common base to evaluate different strategies with these two conflicting performance objectives, a compre-
hensive performance metric is proposed. To verify the effectiveness of our proposed metric and to explore the
performance trade-off, a heuristic adaptive-lazy segmentation strategy is restructured with a heuristic three-
phase iterative policy for segment replacement. Comprehensive simulations using both synthetic and real stream
media workloads have been conducted. The performance results confirmed our analysis and understanding of
the trade-off.
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