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ABSTRACT -- In this paper, we would like to 
investigate one of the most fundamental 
questions behind dynamic web caching, the 
pattern and modeling for the content 
modification dynamics of web objects. Since 
content providers cannot guarantee 100% 
accuracy about the life-span of a web object, a 
single-valued expire time is found to be too 
simple to describe its content modification 
dynamics for risk analysis to reuse copies of the 
data in the local cache. To capture the statistical 
features of the content modification dynamics of 
a web object, a novel mathematical quantity 
matrix is proposed. The three statistical metrics 
of measurement are: dynamic degree, 
predictability index, and safety bound for 
prediction. All our arguments and models are 
verified through active monitoring of the content 
change of real web objects. 
 
1. Introduction 
 
Current research efforts on dynamic web caching 
mainly focus on the object deposition for partial 
object caching [TsW00] and on aggressive 
server-assisted revalidation [YiA99] [DuS00] 
[YiA01] [YiA02] [YuB99] [NiK02] [DiA99] 
[TeN02] [CoK01], we would like to investigate 
one of the most fundamental questions behind 
dynamic web caching, the pattern and modeling 
for the content modification dynamics of web 
objects in this paper. It is observed that although 
the reusability of a web object should be driven 
by the content modification dynamics, current 
cacheability rules in proxy and explicit cache 
control tags in the HTTP header generated by the 
content servers are mainly determined by the 
content generation dynamics instead. Here, we 
refer the content generation dynamics as the 
frequency pattern of triggering of application 
execution in a web server to produce the final 
data sent out to a client upon receiving his web 
request and the content modification dynamics to 
the actual change pattern of the object content 
with respect to the previous version for the same 
request. Through our active monitoring of web 
object content on Internet, we observe that there 
is a big discrepancy between the content 
generation dynamics and modification dynamics 

of a web object. Using the former one to 
determine an object's cacheability and time-to-
live (TTL) is also found to be too conservative 
for content reuse, thus resulting in unnecessary 
network traffic. 
 
To describe the content modification dynamics of 
a web object, we also argue that since its content 
provider cannot guarantee 100% accuracy about 
the object's life-span, reusing a cached object in 
proxy even within its TTL period actually 
involves risk of expired content. As a result, a 
single-valued expire time is definitely not enough 
for the proxy cache to make good content reuse 
decision. In this paper, we would like to address 
this problem through our novel mathematical 
quantity matrix to capture the statistical features 
of the content modification dynamics of a web 
object. The three key statistical metrics of study 
are the dynamic degree, predictability index, and 
the safety bound for prediction. With all these 
information, a client (either proxy or browser) 
can estimate the risk of content reuse in its local 
cache/disk; he can also balance the cost of 
validating (with retrieval, if necessary) the data 
with the original content server and the risk level 
of content inaccuracy that he can accept. In our 
study, we verify all our arguments and models 
through active monitoring of the content 
modification dynamics of real web objects on 
Internet. 
 
To help our discussion in the paper, we define 
the following terms precisely here: 
 
• Life-Span of a Web Object 

It refers to the time period during which the 
content of an object is "fresh" and is valid to 
be used. 
 

• Time-to-Live (TTL) of a Web Object 
It refers to the time period during which a 
system server (such as proxy or browser 
cache) can use the content of a copy of an 
object it stores without contacting the 
original content server. 
 

Note that while the life-span depends solely on 
the content nature, the TTL depends on many 



  

other factors such as server storage policy, and 
requirements for client behavior monitoring.  
 
2. Related Work 
 
To improve the performance of web caching for 
dynamic objects, researchers also investigate 
various criteria to decompose a web object into 
static and dynamic fragments for partial object 
caching. These include the markup language 
support (such as ESI [TsW00] [Liu02] [AnJ02] 
[RaX03] [Xlinc]), dynamic template techniques 
[DoH97] [BrA02] [ChI98] [ChI00], and "reverse 
proxy-like" systems in front of the database and 
web server (e.g. XCache) [DaI01] [DuD02] 
[XCache]. There are also studies on the 
possibility of caching web query pages in proxy 
[LuN00] [LuN01] [LuK02]. 
 
In web information system, the interest on the 
dynamics of content modification of web objects 
is due to the huge amount of effort to maintain 
the most recent information content in the system.  
This is particularly important to search engines 
because crawling over the Internet might take 
weeks to finish. Brewington [BrC00] modeled 
the change of web content as a renewal process. 
He proposed an up-to-date measure for indexing 
a large set of web resource. While his model can 
help to reduce the bandwidth usage of web 
crawlers, the relative dynamic nature of contents 
in the monitored population is not available. Cho 
[ChM00] proposed and compared several 
estimators for the modification frequencies of 
web pages. In his model, he assumed that the 
change of a web resource can be modeled by a 
Poisson process, which might or might not 
always be acceptable [CrB97] [PaF94]. Another 
limitation of his study is the monitoring time 
interval, which is chosen to be daily. Such a large 
time interval is too long to capture the essential 
modification pattern of web content for proxy 
caching. 
 
3. Modeling Content Modification 
Dynamics of Web Objects 
 
In this section, we would like to propose a new 
quantity matrix with multiple metrics to capture 
the key features of the life-span distribution of 
web objects. 
 
3.1. Quantity Matrix for Content 

Modification Dynamics 
 
There are many features that are related to the 
content modification dynamics of web objects. A 

quantity matrix is a measurement methodology to 
describe its key features so that effective content 
delivery services and proxy caching can be based 
on. In this paper, we propose three measurement 
metrics for the quantity matrix for web content 
modification dynamics. They are the dynamic 
degree for the expectation value, predictability 
index for the spreading variance, and the safety 
bound value for prediction. These features will 
be defined based on the distribution of the 
probability distribution function of the life-span 
of web object content. 
 
• Dynamic Degree: 

This parameter is to measure the central 
tendency of the life-span of an object. It can 
be determined based on the mean, median, or 
mode value of the PDF of an object's life-span 
value. Most likely, this value will be used 
directly in the prediction of the life-span of an 
object. To simplify its usage, the domain of 
this value ranges from 0 to 100, with the 
maximum value referring to the most rapid 
modification dynamics. 
 

• Predictability Index 
This index is to describe the likelihood for the 
life-span's PDF to be aggregated around the 
expectation value. It is used to measure the 
spreading variance of the life-span's PDF. If 
the life-span distribution aggregates near the 
centre or expectation value, it will be 
appropriate to use the centre value as the 
predicted value for the next life-span. Here, 
we define the domain of this predictability 
index to range from 0 to 1, with larger value 
implying better predictability. 
 

• Safety Bound Value 
This parameter is related to the boundary 
feature of the life-span value. Since the life-
span only distributes over a certain range of 
values, the lower bound of the range can be 
viewed as the safety bound for prediction. It is 
safe because all the previously monitored life-
span values always pass beyond this 
boundary. 

 
3.2. Calculation of Quantity Matrix 
 
With the three key metrics defined in the last 
section, we would like to define their calculation 
in this section. Below are the formulas we 
propose. Note that while there are still room for 
fine-tuning, the basic concept and idea are 
captured in the formulas. Validation of the result 
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of the formulas will be given in Section 4 to 
support our proposal here.  
 
Assume that the PDF of the life-span value of a 
web object k , PDF(Objk) is given by f� t), where 

t is the life-span between two consecutive 
content changes: 
 
Dynamic Degree (Objk) =  
 
 
Predictability Index (Objk)  =  
 
Safety Bound Value for Prediction (Objk�� � TMin 

 
where TMin is the lower bound value for the 
non-zero PDF(Objk��� TTypical is the expectation 
value to represent the central position of 
PDF(Objk), and � TTypical) is the standard 
derivation of f� t�� UHODWLYH� WR� TTypical. In our 
model, the content modification dynamics of a 
given web object is represented by the 
probability distribution function f� t) of the life-
span values of the object. The modification 
interval (or life-VSDQ��� t, is defined by the time 
period between two consecutive content change 
of the object. Once f� t) is known, the three key 
metrics for the content modification dynamics of 
a web object given above can be found. 
 
The first metric, the dynamic degree, is a 
measure to quantify the central tendency of f� t). 
Possible statistical values to describe the central 
tendency of f� t) include the mean, mode, and 
median values. The choice of selection depends 
on the domain of web applications under study as 
well as the statistical features of interest. For 
example, the median value is usually chosen 
when f� t) is skew; the mode value is usually 
used to represent the peak position of a typical 
"mountain-like" distribution. In our definition of 
dynamic degree, we purposely use the term 
"central tendency" to give flexibility to the model 
usage. In the above formula, the central tendency 
LV�GHQRWHG�E\�WKH�V\PERO� TTypical. 
 
Being a quantitative measurement parameter, the 
dynamic degree is a non-negative value ranging 
from 0 to 100. A larger value of dynamic degree 
corresponds to a smaller value of the life-span of 
an object; a smaller value of the dynamic degree 
implies that the object of study is very static. In 
other words, this dynamic degree is inversely 
proportional to (or a reciprocal function of) 

TTypical. Under the active monitoring process for 
the life-span history of a web object, there is an 
intrinsic limitation on its resolution. Within one 

cycle period of monitoring, only one life-span 
value can be reported, independent of the actual 
value of the modification frequency. With the 
typical life-span ranging from zero to infinite, the 
formula for the dynamic degree will give values 
from 0 to 100.  
 
The second metric, the predictability index, is a 
measure for the confidence level for the 
expectation value of the distribution to be the 
next life-span value. It tries to reflect the 
spreading variance of the PDF. The value of the 
predictability index ranges from 0 to 1, with 
larger value corresponding to a smaller 
derivation from the expectation value of the 
distribution. This implies that the predictability 
index is inversely proportional to σ(∆TTypical). If 
two distributions have the same derivation, the 
less dynamic one should also be more predictable. 
Hence, a better measure will be 
σ(∆TTypical)/∆TTypical instead of σ(∆TTypical). 
Furthermore, it is possible for the derivation to be 
zero, and this might map to the predictability 
index of infinity. To map the predictability index 
of this extreme situation to 1, we propose to shift 
the denominator by 1. The other extreme 
situation is when the derivation is very large. 
This will cause the predictability index to 
approach zero, which implies that the expectation 
value of the distribution is not suitable to be used 
as the next predicted life-span value.   
 
The last metric, the safety bound for prediction, 
is another measure for the spreading variance of 
the PDF of the life-span value of a web object. 
Based on the history of previous life-span values, 
it covers the range of the distribution within 
which all monitored life-span values actually 
occur. Thus, its lower bound gives the minimum 
predicted life-span value that an object is still 
fresh whereas its upper bound gives the 
maximum life-span value that the object is likely 
to be stale. In proxy caching, researchers are 
more interested in the lower bound value than the 
upper bound value because the former one is 
directly related to the accuracy of the TTL setting 
of an object. As a result, we take the lower bound 
value as the safety prediction value in our model 
and represent it by ∆TMin. Since the life-span of 
an object is non-negative, ∆TMin (or the safety 
bound value for prediction) is also non-negative. 
 
About the probability distribution function of the 
life-span of web objects, statistical approach is 
recommended. In statistics, the histogram of a 
random variable is usually chosen to summarize 
the distribution graphically. Curve fitting of the 
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histogram will then be used to get the proper 
distribution model. While there can be multiple 
distributions that can satisfy our need, we found 
that the gamma distribution is actually a fairly 
good choice [ChZ03] (and results in the later part 
of this section also support our argument here). 
Let us assume the PDF of the life-span of a web 
object be a gamma distribution and our 
monitoring cycle period is one minute, we have 
the following: 

where  s the shape parameter,  is the location 
parameter,  is the scale parameter, and� � ) is 
the gamma function with the following formula. 

And the statistics to characterize the central 
tendency and the derivation of gamma 
distribution are:  

Substituting these values into the definitions of 
the quantity metrics gives:  
 

Dynamic Degree  =  
 
 
Predictability Index  =  
 
Safety Bound Value for Prediction  = µ  

 
The above calculation for the quantity matrix 
uses the mode value as the central location for 
the life-span distribution.  If we use the mean 
value instead of the mode value, the formulas 
will be transformed into the followings: 

∆TTypical = E(∆t) = αβ + µ 

σ(∆TTypical) =  

 

Dynamic Degree  =  
 
 
Predictability Index  =  
 
Safety Bound Value for Prediction  = µ 
 

4. Verification of Quantity Matrix for 
Content Modification Dynamics of 
Objects 

 
In this section, we would like to use real data to 
verify our proposed quantity matrix for content 
modification dynamics given in the last section. 

With consistent results obtained for hundreds of 
objects under active monitoring for content 
change, six typical objects are randomly selected 
from our dataset for presentation here and their 
data are used for curve fitting. To study the 
correctness of the model, we calculate the mean 
square error (MSE) between the observed and 
predicted values in each monitoring interval. If 
the MSE is less than or equal to 10-3 level, it is 
generally agreed that the fitted curve can 
approximate the actual distribution of the life-
span's PDF of the observed object. In our curve 
fitting process, Gamma distribution is used as the 
basic curve family. And the parameters of the 
curve are determined by fine-tuning the value of 
the maximum likelihood estimation (MLE). 
 
The PDF of the life-span values for each sample 
object is shown in Figure 1, with the parameters 
of its associated best-fitted gamma distribution 
given in Table 1. The table shows that the 
Gamma distribution is indeed a reasonable PDF 
to describe the content modification dynamics of 
web objects. With proper curve-fitting, all the 
mean square errors are about one order of 
magnitude less than the threshold 10-3. The 
values for the three key metrics of the quantity 
matrix are also given in Table 2. The table shows 
that although BBC1 and GEO are more dynamic 
than the others, their predictability indexes are 
actually the worst. On the contrary, TER is the 
least dynamic but it is the most predictable one. 
It also has the largest safety bound for life-span 
prediction. Another interesting observation is that 
although YAHOO has similar dynamic degree as 
GRA does, its higher predictability index 
suggests its less variance nature. Finally, the 
typical life-span values of the six sample URLs 
are also given in the last column of Table 2. 
These values can be approximated to be the 
TTLs of the objects for proxy caching 
 

Table 1: Parameters of the Best-Fitted Gamma 
PDFs for the Life-Span of Six Sample Objects 

 
Curve Fitting Parameters 

Sample 
URL Theta 

( ) 
Shape 

( ) 
Scale 
( ) 

Mean Square 
Error of Curve 

Fitting 

BBC1 0 1.75 2.7 2.50*10-4 

TER 57 12 0.273 1.52*10-4 

GRA 12 17 0.18 2.19*10-4 

YAHOO 11 17 0.24 3.37*10-4 

GEO 0 1.78 0.77 9.21*10-4 

BBC2 0 1.5 6.4 1.35*10-4 
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Table 2: Values of the Three Key Metrics for the 
Content Modification Dynamics of the Six 

Sample Objects 
 

Quantity Matrix 
Sample 
URL Dynamic 

Degree 
Predictability 

Index 

Safety Bound 
for Prediction 

� �
 

TTypical = 
( -1) +  

BBC1 33.00 0.3120 0 2.03 

TER 1.64 0.9839 57 60.00 

GRA 6.30 0.9512 12 14.88 

YAHOO 6.31 0.9358 11 14.84 

GEO 62.50 0.3185 0 0.60 

BBC2 23.81 0.2402 0 3.2 

 
5. Conclusions 
 
In this paper, we address one of the most 
fundamental questions in dynamic web caching, 
the modeling for the content modification 
dynamics of web objects. With detail monitoring 
data of the content change of web objects, we 
show that the cost of object validation without 
object body fetching is actually not cheap. 
Current simple heuristics to approximate content 
generation dynamics to content modification 

dynamics are also found to be quite inefficient – 
the penalty is either the unnecessary consumption 
of network bandwidth or the potential of 
retrieving outdated object content. Instead of the 
single-valued expire time, we propose a quantity 
matrix to quantify the content modification 
dynamics of web objects. All the claims and 
insights are supported and verified with detail 
experimental data. These results are very 
important because it opens new ways to improve 
proxy caching and to reduce efforts to monitor 
web objects for content updating. 
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