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Abstract

The rapid growth in web usage has led to dramatically increased loads on individual

web servers and on the network infrastructure. To improve performance with this

increasing web usage, studies have been carried out on web and web caching

architectures. V/eb caching improves the network performance by reducing

bandwidth consumption, load on the original servers and latency. However, one of

the common problems in a network is to hnd an optimal location to place these

caches. The goal of our project is to reduce the latency of accessing a web object by

efhciently managing caches and placing them in the suitable locations within

Regional Internet Service Provider's network.

In this thesis, we solve the cache location problem for a Regional Internet Service

Provider using a mathematical model. An optimization problem was solved for two

cases, fixed cache capacity model and variable cache capacity model. The aim of
these models is to reduce the overall average response time for client requests, by

efficiently placing caches inside the network, in accordance with the available budget.

The goal of our model is to provide the service providers with a clear view of the

performance of their network. This view is very imporlant in real-wolld applications,

where utmost importance is focused on attaining maximum performance while

reducing the amount spent in purchasing the caches. Optimization is performed using

NEOS servers' - Mixed Integer Non-Linear Programming solver.

The second part of this thesis is validation of optimization models using a simulation

tool. We analyzed trace files to find various parameters, such as average file size,

elapsed time, cache size, cache hit and miss percentages and the maximum traffic

load for all rnajor links. A simulation tool Network Simulator-2 QrlS-2) was used to

simulate the existing network. The elapsed time obtained from the simulation models

will be noted for two cases fixed cache capacities and variable cache capacities.

Finally the results that have been obtained using optimization models are validated



using the simulation

reported.

model, and the optimal budget required for the network is
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Introduction

The Internet is considered as one of the fastest media for accessing information (such

as scierfific, spoLts, enteftainment, education, stock market and shopping). Since the

Internet is inexpensive and easy to access, the use of Internet is growing

exponentially each year [WANG99]. This increase is resulting in network congestion

and server overloading. To alleviate this problem, web caching has been introduced to

reduce load on severs and reduce traffic flow over the Internet.

Web caching is defined as the temporary storage of frequently accessed web objects,

such as web pages, graphics, media files, and text files. Several studies [DANZ93],

[HEDD97], [KRIS98], IKRISOO] have been conducted to find the best location for

placing a cache in the network. In recent years, placing caches inside the network has

become more popular [DANZ93], [HEDD97] than placing them at the edges of the

networks. This is due to the fact that a significant amount of traff,rc that traverses

through peering links, which comect the internet Service Providers (ISPs) to the

internet, can be reduced. In other words, placing caches inside the network will

decrease the overall trafhc within the network. Hence cost ($) and time can be saved

in upgrading the network. This is the most important factor from the ISPs'

perspective. ISPs need web caching for two main reasons, to reduce traffic and to

reduce access time (service perceived as better by users).

1.1 Motivation

In our study, we present a model for placing caches in single server tree network (i.e.

for any request, the destination is always the internet). This thesis is focused on a

real-world scenario, in which we intend to reduce the cost ($) of buying caches and at

the same time we also propose to leduce the average client access latency (time taken

to get the requested document). This is very important for any ISP for the following

reasons:

o It may not be essential to add a cache to the network, if adding a cache in the

network will not have an impact on reducing the average user access latency.

2
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. Based on the given budget, even small scale ISPs can manage their networks

eff,rciently, by placing caches inside their network.

Hence, in order to address the above discussed issues, we design an optimization

model. This model will not only find the best location to place caches inside the

network; but will also reduce the average access delay for the clients' requests,

according to the available budget.

To solve the above mentioned problem, we proposed a mathematical model, which

will place caches inside the network optimally based on the available budget. This

model will leduce the cost of buying caches, in an effort to improve performance,

after the maximum achievable performance is attained. There is also a possibility of

the following question being raised; "What will happen if we cannot attain the

maximum performance within the given budget?" In this case, our ploposed model

will try to attain the maximum performance (reduce latency) that can be achieved

within the allocated budget.

1.2 Objective

The objective of this research is to optimally place web caches within a Regional

Internet Service Providers (ISP's) network within an allocated budget. In order to

plan for placing web caches within the regional ISP network, a good understanding of

traffic flow within the network is essential. We study, analyze, optimize and validate

models of the existing network to provide guidelines for future network cache

location planning. The approach used in this thesis is:

1. To collect trace files fiom the existing web caches placed within a Regional

ISP.

Chapter 1: Introduction

2. To analyze the trace files to get the current network traffic characteristics and

the amount of traffic estimation for the future.

To estimate the current and future web cache requirement

Come up with a mathematical model, to solve cache location problem for a

Regional ISP.

a
-)

aJ.
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5. To build a network simulation model to validate the mathematical model for

web cache location problem.

To evaluate the performance using the new optimal model for the regional ISP

that connects the major cities in Saskatchewan.

6.

While some researchers have been focusing on placing caches on the edge of the

network in form of proxy or web caches, other researchers have been focusing on

placing the web caches in front of the original server to reduce the load on the server

[KRIS98]. The approach in this research focuses on placing web caches on any

node/nodes within the SaskTel network, which minimizes the overall network traffic

on the regional ISP and reduces average latency to the clients. Figure i.1 shows the

network topology used throughout this thesis.

Chapter 1: Introduction
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Hence the goal of our thesis is to place the web caches optirnally for a legional ISP.

Figure 1.2 explains the goal of this thesis in detail. The curve in the figure shows, as

Figure 1.1: Regional ISP Network Topology
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we increase the budget (i.e. increasing number of web caches) latency of requests

reduces. We aim at choosing a budget that would maximize the throughput or

minimizes the latency and any increase in the budget would not greatly affect the

system performance. From figure 1.2, we are interested in the "Budget needed" point

on x-axis, as we see that any increase in the budget beyond "Budget needed" would

not improve the latency (referring to y-axis).

Chapter I : Introduction

1.3 Problem Statement

Figure 1.2: Proposed model for saving cost (S)

One of the problems that Internet Service Providers (ISPs) are experiencing is higher

bandwidth requirements due to growing internet use. Efficient placement of caches

inside their network is one of the methods to solve the problem. In recent years,

competition between ISPs has increased rapidly due to the fact that one ISP is

superior to another in providing faster access or in providing the internet service at a

cheaper price. In order to attract customers, ISPs are spending a lot of money on

buying caches and placing them in the networks, in order to improve performance.

l<
t!ã
t¿.:
Ë
olf.rÕ,¡lr'o

r=lo
.cô
lJ
rå
,olr,ú
l0

BLrdgel i¡ S (US_DJ . .



Hence, from the ISP's perspective, we can state the problem as; "how to minimize the

load on all the links in the network, which in turn maximizes the performance of the

network within a given budget".

1.4 Organization of the thesis

The rest of the thesis is organized as follows:

Chapter 2 discusses the background study ofcaches.

Chapter 3 discusses previous and current work that is related to this thesis.

Chapter 4 provides an overview of the Sasktel workload characteristics and analysis

of the current cache requirements.

Chapter 5 describes the mathematical model and the assumptions used in the

optimization model.

Chapter 6 describes the simulation model and assumptions used.

Chapter 7 provides the results of optimization and simulation models and a brief

discussion.

Chapter 8 gives the summary and conclusion of the thesis and recommended future

work.

Appendix A provides an introduction to optimization tools and concepts.

Appendix B provides an introduction to simulation tools used and trace formats used

in simulation model.

Appendix C provides definitions of most frequently used terms in this thesis.

Appendix D provides results of optimization and simulation models.

Chapter 1: Introduction
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2 Background

Web caching is the temporary storage of web objects such as HTML (Hyper Text

Malkup Language) documents. The advantages of using web caching include

reduction in bandwidth consumption as fewer requests and responses need to go over

the network. Web caching reduces the load on the servers by reducing the number of
requests that are directly served by the server. Using web caches reduces latency for

requests, as the caches are closer to the clients. Another advantage of using web

caches occurs when the original server cannot be reached.

Web caching is a promising approach to the problem of rising Internet and Intranet

traffic for three main reasons: quality of service, surge protection (Surges occur when

a very large group of users wants access to the same small number of pages), and

overall traffic reduction.

A cache can be configured as a proxy for browser usels, or it can be transparent to

browser users. Virtually all cache products can be configured to operate in either

form. With some additional engineering by the vendor, caches can also be

configured as server accelerators, or "reverse proxy" caches. Figure 2.1 shows the

location of the cache in the network. Figure 2.2 shows basic steps when a client

requests for a document. In stepl client makes a request for a document, step2 the

request is passed to the cache engine, in step3 if the cache does not have the

requested document cached, the lequest is forwarded to the origin server. The server

lesponds with the requested document, the cache retains a copy of the document and,

in step 4 the cache serves the request. If the document is in the cache, this is

considered a cache hit. If the document is obtained from the origin server it is

considered a miss.

Chapter 2: Background
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Figure 2.1: Location of Web Cache in a Network
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Cache Placement

Cache Resource allocation

Cache Scalability

Cacheability of web objects

2.1 Caching Architectures

Hierarchical Caching Architecture

In a hierarchical caching architecture caches are placed at multiple levels within the

network as shown in Figure 2.3. Client caches are placed at the lowest level of the

hierarchy. If a client cache does not satisfy a request, the request is redirected to the

institutional cache. If the document is not present at the institutional level, the request

travels to the regional cache, which in turn forwards unsatisfied requests to the

national cache. If the document is not present at any cache level, the national cache

coffacts the origin server directly. When the document is found, either at a cache or at

the origin server, it travels down the hierarchy, leaving a copy at each of the

intermediate caches. Further requests for the same document travel up the caching

hierarchy until the request finds the document [RODR99] [CMl].

Advantage of using hierarchical caching is that document can be letrieved at any

level of the network. Problems with hierarchical caches are 1)cache servers need

significant coordination between each other, 2)additional delay is added if the

documents are not found at the lower level, 3)high-level caches causes bottleneck,

and 4)there are multiple copies which are placed at every hierarchical level. Some of

the projects that are using hierarchical caches are Harvest, Adaptive, and Access

Driven.

Chapter 2: Background
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National ISP

Figure 2.3: Hierarchical caching model with different levels

Distributed Caching Architecture

With distributed caching, no intermediate caches are set up, and there are only

institutional caches at the edge of the network that cooperate to serve each other's

misses. Since there are no intermediate caches that store and centralize all documents

requested by lower level caches, institutional caches need other mechanisms to share

the documents they contain. Figure 2.4 shows the distributed architecture [RODR99].

Some of these mechanisms are described as follows.

o Institutional caches can query the other cooperating institutional caches for

documents from local misses (tliis is usually done using the Inter Cache Protocol

ICP.) However, using a query-based approach may significantly increase the

bandwidth consumption and the latency experienced by the client since a cache

11
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needs to poll all cooperating caches and wait for the slowest one to answer

[cM1].

Institutional caches can keep a digest or summary of the content of the other

cooperating caches, thus avoiding the need for queries/polls. Content

digests/sumrnaries are periodically exchanged among the institutional caches. To

make the distribution of the digest/summary more efficient and scalable, a

hierarchical infrastructure of intermediate nodes can be used. However, this

hierarchical infrastructure only distributes information about the location of the

documents but does not store document copies [CM1].

Institutional caches can cooperate using a hash function that maps a client request

into a certain cache. With this approach, there are no duplicate copies of the same

document in different caches and there is no need for caches to know about each

other's content. However, having only one single copy of a document among all

cooperating caches limits this approach to local environments with well-

interconnected caches. In shorl every cache keeps a meta-datalable, hierarchical

structure for meta-data and helper list in every other cache ICMi].

Chapter 2: Background
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Advantages of using distributed caching model are better load balancing among the

caches, less congestion due to less traffic on the network, and no additional disk space

is required. Disadvantages of using distributed caching model are high connection

tirne (access delay), high bandwidth is required and administrating these caches is

complex. Projects like iCP (Internet Cache Protocol), and CARP (Cache Array

Routing Protocol) use distributed caching model.

Hybrid Caching Architecture

Hybrid caches cooperate at every network level of a caching hierarchy. Hybrid

caching schemes combine advantages of both hierarchical and distributed caching.

Hybrid caching model have many advantages; it reduces both connection and

transmission time, minimizes total latency, lowers the bandwidth usage, doesn't have

multiple copies in different levels of the hierarchy, reduces disk requirements for the

13
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caches, reduces the load on the caches even in the top-level, reduces the load on the

server. Projects like ICP use hybrid caching model ICM1].

2.2 Cache Prefetching

Prefetching is the speculative retrieval of resources into a cache in anticipation that it

can be served from the cache in the future [DAVI01]. An advantage of using

plefetching is it increases hit ratio. According to studies caches usually gain hit ratio

<50Yo.

Some of the methods used for prefetching are:

. Pull Caching: The server sends out copies of the requested document to the

caches that a user went through to get at the server

o Push Caching: The server puts data into caches without client input. Where the

server puts the data usually depends on cache location. For example, geographical

push caching will push data to the caches that are closest to its clients.

r Server hint based caching: Data from the server, such as frequency of access of

ceftain documents and origin of document request, are used to determine what to

pre-fetch and where.

. Local based: This method attempts to predict which document will be requested

most often, and use strategic caching of these documents. The method relies on

reference patterns to predict what to prefetch next.

Prefetching can be implemented between clients and server, between proxies and

servers, and between clients and proxies [WANG99]. Between clierfs and servers the

documents are predicted by using user's history, early studies show that prefetching

from web server to individual clients can reduces the client's latency by 45% by

doubling the cost of network traffic. Prefetching between proxies and servers reduces

the client latency by up to 600/o for high bandwidth clients. Push technology, where

most popular documents are pushed to web proxies, which in turn push these

documents to the clients, can anticipate 40o/o of the user's request. Prefetching

between clients and proxies predict user's next reference, use networks idle time for

14
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fetching the predicted documents, and it improves performance and reduces the

client's latency by up to 23.4o/o.

Caching algorithms can be classified as passive or active algorithms. Passive

algorithms do not use prefetching mechanism where as an active algorithms use some

form of prefetching. The metrics used for evaluating caching algorithms include

hit/miss late, response/access time, and bandwidth utilization.

Caches prefetch pages based on the content of the pages being served, like

CacheFlow (now known as blue coat) and Wcol. need to have access to the links

within web pages, these links are not available from logs. Even if page contents were

logged, caches that perform prefetching may prefetch objects that arc not on the user

request logs and thus have unknown characteristics of size and retrieval costs. Current

supporl for prefetching in HTTP/I.1 is insufficient because prefetching with GET is

not good. Davison argue that 1) GET is unsafe because in practice, GET requests may

have (not insignificant) side-effects, and 2) GET can unfairly use server resources. As

a result, Davison asseft that prefetching with GET is not good. Existing prefetching

irnplementations can cause problems with undesirable side effects and server abuse

because the prefectcher may not know that the object requested is very large and may

take long time to arrive, and the potential for these problems may thwart additional

prefetching development and deployment IDAVIO 1 ].

2.3 Content Replacement Techniques, Coherence/Consistency and

Protocols

Cache Content Replacement

After caching the various cacheable objects requested by clients, a cache will

eventually become full. Thus, when a new document needs to be cached, something

else that has already been cached should be evicted from the cache. This requires a

replacement policy, which will select one or more documents to be evicted from the

cache so as to make room for the new document. There have been many removal

policies proposed, a few of them are outlined as follows. Replacement Algorithm can

15
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be classified as Traditional policy, key based policy and cost based policy.

Combination of these policies can be performed for different traffic patterns ICM1]

lcAree] [KRrsee].

Traditional Replacement Policies

LRU (Least Recently Used): In this algorithm the document that was not used for

along period of time is replaced by the new document.

LFU (Least Frequently Used): Document that is accessed less frequently is replaced

with the new document, if there is no empty space for the new document.

PitkodRecker: Replaces the objects in the LRU order, but if tlie objects ale

accessed within the same day, the largest size document is replaced first.

Key-Based Replacement Policies

In key-based replacement policy, replacements of objects are done based on the

key/keys metrics (parameters).

Size: Evicts the largest document. The objects are removed in order of size, with the

largest object replaced first.

LRU-MIN (biased in favor of smaller objects): Suppose we have an object S that

needs to be placed in the cache. If there is an object, which has size of at least S,

then remove and replace with new object, else remove objects in LRU order of size

of at least S/2. The process continues until the object fits in the cache.

LRU-Threshold (never cache too large object): Is the same as LRU, except

documents larger than a ceftain threshold size are never cached.

LLF (Lowest Latency First): Tries to minimize average latency by removing the

document with the lowest download latency first.

Chapter 2: Background

n Hyper-G: is a modification of LFU, with last access time and size considerations.

Cost -Based Replacement Policies

Replacement policy is based on the cost which depends on factors like access time of

the object from the original server, entry time of the object into the cache, expiration

time of the object, transfer time of the object to the requested client and so on.
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GreedyDual-Size (evict lowest cost/size): GreedyDual-Size algorithm incorporates

locality with cost and size to decide which document to evict. This replacement

policy can enhance hit ratio. Greedy Dual-Size algorithm takes into consideration

factors such as locality, size and latency/cost.

Server-assisted scheme: Here the object of least value is evicted first. The factors

that affect the least value are cost of fetching the object, size of the object, price of

the cache between the requests for a document.

Hybrid: This scheme aimed at reducing the total latency. A function is computed

for each document, which is designed to capture the utility of retaining a given

document in the cache. The document with the smallest function value is then

evicted. The function for a document p located at server s depends on the following

parameters: c", the time to connect with server s, å" the bandwidth to server s, nrthe

number of times p has been requested since it was brought into the cache, and zr,the

size (in bytes) of document p. The function is defined as [WOOS97]:

¿. Þiiy'.,, \il.,,1r, f ;iJtilrJ",,
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Where ï4/t and Wn are constants. Estirnates for c" and å" are based on the times to

fetch documents from servers in the recent past.

Cache Coherency

It is necessary to ensure that a cached object accessed by some client is the same as

the object at the originating server at the instant it is being requested. If a stale object

is returned to the client, it could lead to incorrect results or improper decisions.

To ensure cache coherence we need to estimate when a particular object that is

cached becomes stale. If object is stale, we update the copy from the server, or simply

discard the object so that next time if the object is requested, the current up-to-date

copy of the object is retrieved. Periodic checks could be made to compare the

timestamp of the cached object with the timestamp of the object at the originating

servel to see if the cached object is still up-to-date. Information about the validity of

the object could be included in the headers when the server sends an object to the
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ploxy server'. Using information provided by the server in the headers, the proxy

could decide when the particular object will become stale.

Cache Coherency Approaches

HTTP defïnes several headers to support caching which are listed below

1. If-Modified-Since: A date can be appended to a GET message to obtain a

conditional GET. It is being replied to by returning the requested page only if it
has been modified since that date IGRACIAI.

2. Pragma: A no-cache pragma can be attached to a GET message to indicate that

the page must be retrieved from the remote server irrespective of whether it is in

some cache on the way up, or whether it was modified or not.

3. Last-Modified: A date is returned with every message requested by a GET to

indicate the last time the page was modified IGRACIA].

4. Date: A date is returned with every requested page to indicate the last tirne the

document was considered to be fi'esh. This date, in combination with the 'Last-

Modified' date gives the user an idea of how stale the data is IGRACIAI.

5. Expires: A date may be returned with a document to indicate for how long the

document will remain unmodified.

Strong Cache Consistency

1. Client Validation or Polling-every-time: In client polling whenever an object is

fetched from the server by the client, a timestamp is also included. If a client

requests for an object the cache checks to see if the time stamp in the cache is

same as that in the server, if it vary it gets the new object from the server.

2. Server Invalidation: In the case of server invalidation, the server keeps track of all

the caches that are caching its objects and whenever the objects are modified it

send the caches with modified objects. Callbacks improve cache consistency as

well as save network bandwidth by not requiring clients to poll servers

periodically but there are clear scalability issues and privacy/security concelns

regarding this approach, since servers need to keep track ofall the caches caching

its objects.

Chapter 2: Background
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Weak Cache Consistency

1. Adaptive TTL (Adaptive Time to Leave also called as Alex protocol): Adaptive

TTL uses an update threshold mechanism to determine how often to perform

polling to the server. Adaptive TTL handles the problem by adjusting a

document's time-to-live based on observations of its lifetime. Adaptive TTL takes

advantage of the fact that file lifetirne distribution tends to be birnodal; if a file

has not been modified for a long time, it tends to stay unchanged. Thus, the time-

to-live attribute to a document is assigned to be a percentage of the document's

current "age", which is the current time minus the last modified time of the

document [WANG99].

2. Piggyback Invalidation: There are tluee invalidation mechanisms that are

proposed. Piggyback Cache Validation (PCV), Piggyback Server Invalidation

(PSI) and hybrid approach which is the combination of PCV and PSI. In PCV,

whenever cache needs to communicate with server, the cache piggybacks a list of

cached request that are stale for validation from server. In PSI server piggyback

on reply to a proxy, the list ofresources that have changed since the last access to

the server by the client is sent. A proxy client could also combine the PSI

mechanism with PCV to create a hybrid approach where the choice of the

mechanism depends on the time since the proxy last requested invalidations

number of cached resources [WANG99]. For smaller time gaps PSI mechanism is

used, for larger time gaps PCV is used.

Caching Protocols

Chapter 2: Background

. ICP - Internet Cache Protocol (RFC 2186, RFC 2187 for Applications)

ICP ver. 2:

Internet Cache Protocol developed by Peter Danzig, et al. at the University of
Southern California is a message format used for communicating between Web

caches. 'Web caches use HTTP to transfer data object, but caches benefit from a

simpler, lighter communication protocol. ICP is mainly used to locate a Web object in
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its adjacent cache. If a request is made to a cache in a mesh and if the cache does not

have the requested object, it sends a query to its neighboring cache using ICP,request,

the neighboring cache replies with a HiT or a MISS" [WCP] [CMl] [WCRPS].

. Simple Hit-Metering and Usage-Limiting for HTTP (RFC 2227)z

Most of the origin servers collect the demographic information ol control the number

of times the cached object was used. The origin server uses techniques like cache-

busting to get demographic inforrnation or control the number of times the cached

object was used, this technique uses network resources, so to minimize the usage of

the network resources Simple Hit-Metering and Usage-Limiting for HTTP was

proposed in which new features like Hit-rnetering. Usage-limiting features were

added to HTTP. Hit-metering allows an origin server to get the counts of the number

ofclients using a resource instance via a proxy cache, or a hierarchy ofproxy caches

and Usage-limiting allows an origin server to control the number of times a cached

object may be used by a proxy client, proxy cache or a hierarchy of caches, before it

is modified by the origin server.

. Ser-ver Cache Synchronization Protocol (SCSP) (RFC 2334)

Server Cache Synchronization Protocol attempts to solve the problem of generalized

cache synchronization/cache-replication for distributed protocol entities. SCSP

synchronizes caches ofa set ofserver that are in the same server group. Server groups

are identified by group ID's also called as SGID.

. Web Cache Communication Protocol (WCCP)

Web Cache Communication Protocol (WCCP) developed by Cisco system establishes

and maintains transparent redirection of the lequested type of traff,rc flowing through

a cluster of routers. The protocol specifies interaction between the routers or between

the layer3 switches. The traffic was redirected to the cluster of routers to improve the

client's response time and also to improve the network bandwidth requirements

[wccP].

Chapter 2: Background
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¡ Cache Digest

Cache digest is primarily used to share summaries of the URLs that are cached by a

given server. Cache digest is both a dala format and a protocol for fetching cached

objects over the network ICACHED]. Cache digests provide peering between cache

servers without exchanging a sequence of request/responses, which causes the

problems of latency, and congestion related issues as in some protocols like ICP and

HTCP.

o Cache Array Routing Protocol (CARP)

CARP provides scalability and efficiency of an arrayed network of servers. It uses

hash-based routing to provide a deterministic path for request resolution through an

array of proxies. The request resolution path, based upon a hashing of proxy array

member identities and URLs, means that for any given URL request, the browser or

downstream proxy server will know exactly where in the proxy array the information

will be stored, whether already cached from a previous request, or making a first

Internet hit for delivery and caching. CARP provides 2 powerful benefits, one is the

deterministic request resolution path and the other is that CARP eliminates the

duplication of content in an anay of caches. The advantages of these are faster

response time for the requests and efficient use of resources [CARP].

. Hypertext Caching Protocol (RFC 2756)

The Hypertext Caching Protocol is employed within Internets to identify Hypertext

Transpott Protocol (HTTP) proxies used to cache, typically web data. HTCP allows

request and response headers to be used to manage the caches and also to expand the

domain of managing the cache which includes remote monitoring of cache's addition,

deletions and also hints about web objects, such as the third party locations or the

unavailability of web objects.

2.4 Cache Location/Placement and Replication

Chapter 2: Background
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Placement can affect performance of caches |KRIS0O]. It is always recomnended to

place the caches close to place where the traffic flow is maximum and close to place

where network bottlenecks occur often. The location of web caches should be a

function of traffic flow and network topology.

The criteria for placing caches are:

. Place caches on the users side ofa bottleneck

. Place Web cache servers close to the flow of traffic

. Place a local Web cache server close to users Internet connection

o Place Web cache servers where rnore networks join together

Caches can be placed at different levels in the network. Generally the levels are first

level web caches and upper level web caches. The first level web caches are placed as

close as possible to the placers external internet connection, close to the users and if
there are several first level caches, the better place to place the cache is where the

network come together. Typically the first level caches are placed inside the campus,

wlrere the institutions/organization network meets. Upper level web caches ale placed

where network joins, on or close to a national Internet exchange point and on or close

to an international Internet exchange point. Basically the upper level caches are

placed closer to the national Internet exchange point. It is recommended that more

than 3 levels of caches should be avoided, as it may be difficult to maintain. Chapter

3 discusses cache location/placement in detail.

Replication: The owners of the data place copies of the data at multiple locations,

preferably close to the intended users. This is known as replication (cached copies).

Resource Allocation Policy in Web Caching

Chapter 2: Background

Resource allocation mainly deals with the allocation of resources between the caches.

If there is more than one cache there should be a means to interoperate between

caches, so that the workload is distributed among the caches. The resources of the

storage server namely cache, memory and CPU are shared in an adhoc manner among

the clients. These resources play an important role in determining the overall

throughput and latency of data-access. Ercetin and Tassiulas IERCEO1] proposed a
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market based allocation policy for a two-stage server-proxy model. Their model

represents a real word situation, where the servers and users will not collaborate to

achieve the system optimal solution. Instead every competing agent competes for the

maximum benefits without consideration of others and this competition among proxy

caches leads to a solution that is better than the solution provided by conventional

caching methods. A price-directed market-based distributed algorithm was proposed

to solve the two-stage server-proxy cache resource allocation problems. In this

algorithm initial set of prices are announced to the servers. The servers determine

their lesource (cache) demands according to these prices as well as the request rates,

and the observed delays from the proxies. The servers request these resources from

the proxies. Prices are then iteratively changed to accommodate the demands for

resources until the total demand equals to the total amount of resource available

[ERCE01]. A mechanism was proposed for caching resource allocation of multimedia

objects, one of the reasons to cache multimedia object is that the cost of the hard

drive is reducing drastically during recent years and cost to maintain these multimedia

object which are large in size may not be reduced. The other reason to cache

rnultimedia object is to reduce traffic load on the network. The mechanism that was

proposed was a parent-child hierarchy to mimic the routing techniques in the Internet.

Multimedia object that was considered is assigned to a home node. The client can

query on the path from client to parent, if the object is found it is retrieved else

obtained from the home node IKOZUCHI.

2.5 Cache Scalability and Cacheability

Scalability

Chapter 2: Background

Scalability is the ability to add users without adversely affecting system performance

for any one user. The challenges in designing and implementing any scalable caches

are proper location of the cache, large cache routing table and out of date caching

tables. Designers of web infrastructure are concerned about the scalability and

deployment of many web caches as they are spread all over the Intelnet. Some of the

common approaches to improve scalability in caches are to grow a distributed tree
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away from popular server towards high demands sources and perform cache

resolution by either using routing tables or hash functions.

Cache routing table: Malpani et al. [MALP95] found that if a group of caches interact

with each other they would use the resources effectively. To make the system robust

multiple servers cooperate to form large distributed cache. All servers wele made

functionally equivalent so that any server could handle the request of any client. Use

of multicasting provided efficient use of network bandwidth. Provey et al. lPROVgTl

manually constructed a hierarchy that must be traversed by all requests. The main

idea of the technique is to reduce the load on the top-level caches.

Hash functions: Some protocols like CARP allow query-less distributed caches using

hash functions. The exact cache location of the object is obtained fi'om the

membership list and the URL. Whenever the URL is removed or added the hash

tables are updated by adding new hash function and these are distributed among the

caches. In Summary cache [FAN98], each proxy keeps a summary of the URLs of

cached documents at each participating proxy and checks these summaries for

potential hits before sending any queries. Two factors contribute to the protocol's low

overhead: the summaries are updated only periodically, and the directory

representations are very economical, as low as 8 bits per entry. Karger et al.

|DAVI9T] used a special hashing function called consistent hashing to construct per-

server distribution tree with load balancing properties. A consistent hash function

only needs minimal changes, when the range of the function changes. Consistent

hashing technique is designed to relieving hot spots on the web.

Cacheability of User Requested Web Objects
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Studies on the cache logs have shown that cached objects can be reused. Some

objects like the embedded images do not change very often as the content of the

document itself. So a means to cache the embedded objects as long as they do not

change, need to be incorporated into existing caches. Studies have shown that most of

the html documents do not change very often, but they do not have the last modified

24



date and so need to be retrieved fi'om the original server. Also inclusion of cookies

does make the content uncachable. Recent studies have shown that 30 % of the

curent documents have cookies, these documents are customized and it is

inappropriate to cache them. Craig et al. lV/ILL99l observed that there is potential to

reuse the cached objects thal are currently being not used due to inaccurate and non-

existent directives.

Dynamic Data Caching

The amount of traffic that can be cached on the Internet currently is limited

IDYNAMI]. Only some fraction of the Internet data can be cached. The important

issue is how to make more data cacheable and reduce the latency of accessing non-

cacheable documents and improve the network performance. Use of accelerators or

active caches can help to some extent.

Accelerators are placed infront of the web servers to speed user's access time. The

accelerator assumes the IP address of the web server. The web server accelerator

receives all requests addressed to the web server and handles those requests as if it
were the web server. The web server takes a new IP address known only to the web

server accelerator. The accelerator becomes the web server's only user, filling its
cache with content requested by the user community in the intranet or Internet

ITAWSM]. The acceletators allow both dynamic and static data to be cached.

Active caches support caching of dynamic documents of web proxies by allowing the

server to supply applet through a Java application, called as "cache applet", the

proxies that require documents will invoke cache applets without contacting the

actual server.The applets do the required proceesing and return back to the clients.

The role of the cache applet is to be invoked when there is a cache hit to the

document. Active cache scheme can save the usage of bandwidth significantly at the

expence of the CPU cost lCAO98l.

Chapter 2: Background
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Existing Caching Products

Operating Systern (OS) vendors and server hardware vendors like Sun, Novell and

Microsoft provide their own caching products, there are some third parties that offer

caching products that also support these operating systems. Most caching products

can run on any platforms like Windows, Solaris and are also easy to be integrated

with management tools that run on the same operating system.

Chapter 2: Background

26



Chapter 3: Related Work

CHAPTER THREE

27



3 Related Work

Significant research has been carried out related to optimization of cache performance

[CHAN96], lWILL96l, replication of servers for network load balancing [HEDD97],

cache hierarchies [CHAN96] and co-operation between caches [FAN00]. All these

studies suggest that one of the rnajor factors that contlibutes to the performance

(minimizes latency) of the network is the location of the cache/caches in the network.

Studies have shown [DANZ93], [HEDD97I that placing caches inside the network

where networks meet rather than placing them on edges, will improve the

performance of the network. Most existing ISPs have started placing caches inside

their network, resulting in the reduction of response time for client requests.

3.1 Importance of Cache Location

Chapter 3: Related Work

A study by Danzig et al [DANZ93] suggested that placing caches in the network's

External Nodal Switching System (ENSS) would improve hit rate (the fraction of the

requests that can be served fiom a cache). However, the performance depends on the

dataflow of the backbone link. Danzig et al [DANZ93] also suggests that hierarchical

internet caching outperforms other popular Internet cache irnplementations. The

experimental results show that hierarchy does not measurably increase access latency.

In this thesis, we use a tree topology.

Deploying caches within a private network of an organization has also become

popular in recent years. This technique has the capability of reducing incoming traffic

and providing faster access to popular web objects. Avella et al [AVELO3] argue that

careful placement of caches inside any organizatton will have an impact on the

overall performance of the network. Improvement in performance can be attained

only if each link has enough bandwidth (i.e. every request that is requested is served

either by a cache or a server).
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Zhang et al. |ZHAN9T] lZHAN98l proposed an adaptive web caching structure using

multicast fol data dissemination to the caches. To assist caches making web query

forwarding decisions, a URL routing framework was designed. For fast search within

each cache group, neighbor caches share content information. This paper focus on

reducing the waiting time and overhead associated with multicast queries [ZHAN97].

The paper also considers how a smooth transition from the current cache

infrastructure to a new infrastructure can be carried out. Methods presented in our'

thesis could be used to optimally place adaptive caches.

A dynamic programming method presented by Tamir [TAMI96], could be used for

solving the non-transparent cache location problem, in cases where requests are

routed to the nearest web cache. The method presented in this paper would work only

for a tree network having only one source node and all the routes were know to the

program. Our thesis considers more than one source node.

Chapter 3: Related Work

3.2 Optimization Models

A study by Ercetin and Tassiulas IERCEOI] determined that the performance

(average hit ratio) of a network can be maximized by deriving optimal strategies.

They proposed a strategy, based on the idea that when a system reaches equilibrium,

adding a cache to it will not improve the performance. This strategy helps in

minimizing the number of caches that need to be placed in the network for optimal

performance. The main objective of our thesis is related to this work (This paper

provided the definition and our thesis has the implementation of the proposed

strategy), where we set a particular budget. From the results of our thesis, we observe

that any increase in the number of caches after a certain budget does not improve the

performance of the network.

The location problem was addresses in [CLINH97] by Cunha for push selvers and

network load balancing. Cunha presents simple heuristics for load balancing which
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can reduce traffic in the network signif,rcantly. This paper provided an introduction to

location problem, but optimal solutions were not presented.

[BEST96] [BRES99] assume full dependency in a network of caches. I.e. if a

particular page is found in a cache, then they assume that the page is found in every

other cache in the netwolk. Krishnan et al. [KRIS00I also used a similar model. This

model simplifies the cache location problem by assuming that a document found in

one cache, is placed on all other web cache in the network. This assumption is quite

practical, because pages that are most popular among all the pages are stored in all the

caches. The advantage of using the full dependency model is it reduces the

complexity of the optirnization problem, by considering a fixed set of documents

(most popular documents) that can be cached in all caches.

Krishnan et al [KRIS99] present a location ploblem similar to the one presented by

Cunha. In this paper the cache location problem was formulated for both general and

transparent caches. In this study, optimization algorithms for line, tree and ring

networks were also suggested. However, tree structured networks are considered to

be more scalable than line and ring networks because tree networks allow easy

addition of nodes to the network. The authors also suggest that the cache location

problem for single server and multiple server cases can be solved using a greedy

algorithm. The greedy algorithm places caches on the tree iteratively in a greedy

fashion. it checks each and every node in the tree in order to determine where to place

the first cache. Then, this algorithm places the cache in the node that minimizes the

costs. Once the first cache is placed, the algorithm looks for an appropriate location

for the next cache. Krishnan et al assume that if a request is cached on any cache, the

request is cached in all other caches of the network. In this paper the authors wish to

minimize the average access delay using an effrcient dynamic programming

algorithm for a single web server but we focus on multiple caches distributed in the

network.

Chapter 3: Related Work
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Another study by Krishnan et al [KRISO0] describes an optimal solution fol placing

caches in ring, line and tree networks. They considel the cache location problem for

line, ring and tree topologies; have polynomial solutions in the case of a single server.

They present an optimal dynamic programming solution for the cache location

problem having a tree topology for a single server similar to [TAMI96]. Among all

network topologies, the tree network topology is widely used to design a network.

This is because real-world networks can be easily represented in the form of a tree

(hierarchies). Krishnan et al also provide an optimal dynamic programming solution,

which solves the tree network inO(nhk)time, where n is the number of network

nodes, h is the height of the tree and k is the number of caches placed in the network.

Howevet, this study illustrates how different topologies can be used and how they are

related to the real world networks. The authors refer to most similar ploblems as NP-

hard problems in general, but, in some cases, the problem can be solved in

polynornial time, when the network topology has specific structure. The paper also

presents a greedy heuristic which performs comparably to the optimal algorithm and

requires less time for the experiments.

In contrast to the above paper by I{r'ishnan et al, Qiu et al |QIUO2], considered a

different application of the same problem, involving the placement of web server

replicas on the Internet. They evaluated the performance of a number of diffelent

heuristic solutions and developed several placement algorithms that use workload

information, such as client latency and request rates, to make informed placement

decisions. They evaluated the placement algorithms using both synthetic and real

network topologies, as well as web server traces. Results show that placement of web

replicas is crucial for network pelformance. The results also showed that for the

general network case, a greedy algorithm that places replicas based on a distance

metric as well as load information performed the best. This model considers the

problem from a relatively nan'ow point of view. They consider a fixed number of

caches. They do not consider the cost of caches, the capacity of caches or the cost of

moving caches within the network.
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A recent study by Li and Shen [LI04] on the proxy placement problem for tree

networks and autonomous systems presented a novel rnathematical model. They

proposed dynamic programming-based algorithms and showed that the algorithms

converge theoretically to the optimal solutions. Finding the optimal positions for

placing a fixed number of web proxies in the network is a challenging task. This

paper considers the problem of computing the optimal locations to place a number of

web proxies for tree networks such that the overall access gain (time to access the

requested documents during cefiain period of tirne) is minimized. The optimal

placement is obtained using a dynarnic programming-based algorithm. The author

describe that the time complexity of the algorithm is O(n2), where n is the number of

nodes in the network. They also extend the model to autonomous systems and present

a dynamic programming based algorithm, whose time complexity is O(n2k). The

model proposed in this paper is not suitable for all types of network topologies and

also it does not consider reducing the traffic on the bottleneck links. This work is

related to |KRIS99], where k caches are placed optimally in a tree network.

Another study by Diamond IDIAMOII suggests that different types of caches (these

caches vary in peak throughput) can be purchased and placed in the netwolk

depending on the amount of load at each node in the network. In this rnodel a web

caching infrastructure for a period of over five years was planned, using an integer

programming model. The model determines the caches are needed in each year and

where exactly they have to be placed in the network. This paper discusses the

requirement planning of network caches for a period of 5 years based on the network

traffic estimation. In our model we are interested in placing the caches in the network

which will reduce mean time to transfer one unit of data from client node to the

cache/original server node based on a budget that can be invested for a current year.

The models presented in lKRIS99l and IDIAMOII do not include costs for

maintaining caches of valiable sizes. In our model we solve the optirnization problem

for variable cache capacities. Most of the papers we have studies have not expressed

the aspect of the cost of network traffic on the backbone links. The cost of network

traffic on backbone links could be used, in an indirect way, to model a desire to move
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caches closer to clients in order to improve performance from the perspective of the

clients and also reduce the network traffic.

3.3 Mixed Integer Programming Models

Mixed Integer programming models have been widely used to solve cache location

problems. Koskela et al IKOSKEL] propose that mixed non-linear integer

programming models perform better compared to linear models for web cache

optimization problems IKOSKEL]. In their paper on web cache optimization, they

propose that the problem in web cache optimization is to decide which strategy to use

in replacement of cache objects. While commonly used policies use heuristic rules,

the proposed model estimates the value of each web object by using features collected

from the HTTP responses and from the HTML structure of the pages. A case study

was performed using both a linear model and a non-lineal mixed integer model to

classify about five thousand web pages according to their popularity. Results show

that the linear model does not f,rnd any correlation between the features and document

popularity, but the non-linear mixed integer model gives better results. in this paper

the main focus was on replacement policies of web pages, and results have shown

that using a non-linear mixed integer rlodel would yield better solutions for solving

the cache replacement strategies.

Wierzbicki [WIERO2] suggests that Mixed Integer Linear Programming (MILP) can

be used to solve the cache location problern. The paper discusses models of the Cache

Location Problem from Decision Supporl Systems (DSS- System that support

decision-making activities) perceptive. The approach leads to the design of models

that allow the user the flexibility to specify his/her preferences, and are precise in the

search for solutions that are closest to preferred solution. The models designed used

many constraints and criteria and are specified using Mixed Integer Linear

Programming. The paper suggests that medium sized problems can be solved

optimally with state-of-the-art MILP solvers in reasonable time. The author presents a

general discussion of designing a DSS fol placing caches on a network. The paper
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includes a number of different criteria, which may be used to decide on the location

of caches. The mean delay to transfer data, the cost of the caches, the number of

existing caches which needed to be moved, and a measure of fairness for the service

obtained by clients at the various nodes in the network are considered. The paper also

discusses about the variation of hit rates as a function of the number of clients

assigned to a cache. The author focuses on different parameter settings for solving an

optimization problem for a cache location problem. Results of two different

approaches for a small example problem wele conducted and compared. The paper

focuses on how to extend existing heuristics to solve larger problems using the newly

developed models.

Models proposed in [WIER02], [XUEY03] and IKOSKEL] focus on the cache

location problem for Decision Supporl Systems and on page replacement policy

respectively. In all these papers we observe that Mixed Integer Linear/non-Linear

Programming would be a best bet to solve a complex problem. In our thesis we focus

on solving the cache location problem using integer programming with added

complexity of a non-linear objective function.

T. Koskela et al |KOSKO3I designed a LP (Location Problem) algorithm for

optimization of cache location. They considered 2 stages in the optimization problem.

In the first stage, the objective function for the location problem is chosen. In the

second stage, the performance metrics which describe the location are chosen.

Performance metrics are chosen according to a particular objective set |KOSKO3].

This book was helpful in defining the various stages involved in defining an

optimization model. The details of implementation of the cache location problem are

not explained in this book.

3.4 Ðiscussions

Chapter 3: Related'Work

Optirnizing the location of web caches is an effective method to save network

bandwidth, alleviate server load, and reduce latency experienced by end users. The
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most common problem with web cache placement is to compute the optimal locations

for placing web cache proxies in a network such that the objective function is

minimized or maximized. In this thesis, we address the cache location problem for a

regional ISP network. We propose a mathematical model to solve the problem for

both fixed and variable cache capacity models. We aim at maximizing the overall

perfonnance of the network, specifically the mean time to transfer one unit of data

within a network.

Having looked at the cache location problem under various scenarios, we observe

that, most studies in the literature provide solutions for the single server case, or for

placing a fixed number of caches within a network or for placing caches optimally in

a given network topology. Many factors, such as delays caused by bottleneck links,

cost of cache capacity, demand on the links, maximum link capacity were not

considered. In our thesis we address all these parameters, along with the maximum

budget that can be invested by the ISP provider.

Chapter 3: Related Work
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4 Analysis of Web Cache Performance at Internet Service

Providers

The objective of this chapter is to provide an analysis of the ISP's network traffic,

web caching performance and a forecast to estimate future requirements for 7 small

cities and the2large cities that corurect to the ISP's network. This chapter describes

an analysis of trace files fiom web caches on the ISP's network. Planning for the

network needs a good understanding of traff,rc flow characteristics and network

topologies.

4.1 Motivation

Web caching has been widely employed to improve network performance by

reducing traffic, reducing load on servers and reducing user latency. Internet Service

Providers have stafted deploying web caches within their networks to reduce latency

and utilize the resources in an efficient way. Decreasing the traffic on the links

connecting to the Internet will save cost to the ISP's. The trace files collected from

the ISP enables us to plan for web caches required in the future based on the current

traffic flow. Understanding trace files will help in studying the nature of the traffic

flow and help in defining performance measures and interpreting the optimization and

simulation results.

4.2 Analysis Based on Trace Files Collected from Regional ISP

The goal of the trace files assessment was to gather information on the nature of the

web traff,ic and performance of the web caches. The assessment will be used to

predict the amount of traffic that can be cached. The assessment was to be carried out

considering following factors that affect the performance of the network traffic:

. Web cache performance

¡ Type ofweb content cached

. Co-operation between web caches

c Sizes of the web documents

Chapter 4: ISP's Traffic Flow Analysis
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Topology and peak total down stream traffic

Location of web caches

4.2.1 \ileb Cache Performance

The trace files (cache logs) collected from the SaskTel network were used to test the

performance of the web caches. Table 4.1 shows that hit percentage ratio (number of

documents that are served from the web caches rather than the original server) of 7

trace files collected from ISP's network is around 55%-65yo. The byte hit ratio (total

size of hit documents/ total size of all pages) was around 29- 35%. Flom analysis the

hit ratio (hit documents/ total number of documents) was good, so performance of the

web caches is acceptable with respect to document hit ratio and byte hit ratio.

A long time analysis performed on the ISP's network traffic showed that

approximately 30Yo of HTTP (byte hit ratio of HTTP traffic) traffic is served fi'om the

caches and rest is served from the origin server. This hit percentage of the HTTP

traffic is used as the value of the parameter o (b¡e hit ratio) in chapter 5.

Chapter 4: ISP's TraffTc Flow Analysis

Description

Testl

Test2

Test3

Test4

Test5

%o Hits

Test6

s3.t3%

TestT

Table 4.1: Web cache performance

4.2.2 Web Content Types

55.45%

60.s%

63.70%

Byte hit ratio

62.93%

We performed test to study web content types, Table 4.2 describes the details of all

the content type and the couesponding hit percentages of HTTP traffrc (number of
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32.22%

62.23%

34.22%

6r.02%

3t.48%

34.66%

32.26%

) ).) )-/o
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pages that were found in the caches and were hits). These results were obtained by

analyzing 10 trace files collected from the ISP's network. This study was performed

to study the content types in the trace files.

Content

Dynamic data
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Not-Proper-format

hnage

Html

Total percentage

Others

20-25%

30-3s%

4.2.3 Co-operation Among Caches

30-3s%

We performed a test to give an estimation of request for data that is common on 2

different traces f,rles collected from 2 caches that were placed in the SaskTel network.

This test was carried out to examine the inter-operation between two caches and how

this would impact the performance of the caches. Table 4.3 explains in detail the

traffic due to different caches namely cache 3 and cache 4 which were placed at node

P3 and node S in Figure 1.1.

Table 4.2: IIit percentages based on the content type

Hit percentage of the

content

s-6%

> 5o/o

5-7%

7s-80%

70-7s%

18-30%

20-25%

Description

Trafhc due to common files that were hits on

both caches. i.e. Request that were common in

both the caches 3 and 4 and were marked as

served by cache in cache logs

21.19%
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Traffic due to common files that were misses on

both caches. i.e. Request that were common in

both the caches 3 and 4 and were marked as

served by server in cache logs.

Total traffic that was created due to common

files in both the caches (i.e. cache 3 and cache

4). (Percentage of traffic that were existing in

both the caches logs)
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Description

Traffic due to hits (l.trumber of documents that

were served by caclie)

Traff,ic due to miss (lrlumber of documents that

were not served by caches)

52.23o/o

o/o of documents that are not common on both

caches (Documents that were not common on

both the caches logs)

37.0r%

o% of documents size that were same on the 2

caches for hits misses (Documents that were

common on both cache logs and marked as

served for cache)

Cache3

o% of documents size that were same on the 2

caches for misses (Documents that were

common on both cache logs and marked as

served for server)

37.38%

Cache4

60.45o/o

60.45%

o/o of storage in both caches (Documents that

were common on both caches logs, which

includes documents server by cache and server)

92.6%

39.s4%

87.6%

4%

Table 4.3: Co-operation among web caches

2.6%

2.3% 1.7%

6.3Y" 4.3%
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From Table 4.3 we can see that the percentage of data that was common on both

caches was around 6.30/o and 4.3%o for cache 3 and cache 4 respectively. This ratio

may slightly differ with respect to trace files collected at different time periods. But

from the studies the percentage of hit rate by peering with other caches is generally

around 5olo. Hence we conclude that applying some co-operative protocols may

enhance the performance of the network and also help in efficient use of network

bandwidth within ISP's.

4.2.4 Percentage of Traffic Based on Document Size

Chapter 4: ISP's TraffÏc Flow Analysis

Web caches handle documents of varied sizes. The number of cacheable objects

could vary based on the size of the documents and also depends on the location of the

cache. The size of documents can range from hundreds of bytes to megabytes. The

time that a document remains popular on the web is highly variable; it does not

follow a Zipf s law precisely, but instead follows a Zipf-like distribution with the

exponent varying from trace to trace |BRES99]. A situation may occur where we

need to place a large unpopular document in the web cache. A replacement policy

may have to evict thousands of frequently accessed small documents that are more

likely to satisfy future cache requests. Such a situation contributes to reduced

performance of web caches. Hence document size plays a major role in designing a

web cache.

An analysis was performed on 14 trace files collected from 4 caches from the Sasktel

network. Each trace file was about lGB and the traces were collected over peak

traffic periods of the day. Table 4.4 shows the fîle size distribution in percentages.

We can conclude that majority of files i.e. alound 60Yo of documents were less than

few kilobytes in size. These results will be used in the simulation model in chapter 6

to estimate latency.

File size in kilo bytes

Less than 1K

1K+18-2K

o/o of the files(RANGE)

s7.0% - 62.0%

7.8% - 8.9%
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2K+IB-4K

4KiiB-8K-

sKiiÈ-i6r
16K+18-32K

tzk+is-6øk
o+r+tÈ-r)Èr

itsK+iB-ziør
256K+18-512K

512K+18-1M

1M+18-2M

2M+18-4M

j

I

I
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'/, o,1 the riiôs(naÑCÈ)

9.5% - 12.t6%

i.o,/; - g.oi,%

55% - 65%

3.48% - 4.21o/o

4rr4ire-ela

sla+ie-i6M

16M+t B-32M

32M+18-64M

64M+18-128M

1.6þ1, - t.s2%

0.50% - 0.56%

o.ti6/" - o.rg%

0.06% - 0.08%

o.osN - 0.04%

O.OZY" - 0.03%

0.ot% - 0.02%

0.00s% - o.ooi"l,

0.0022% - 0.\\iolo

o.ooly" - 0.002%

o,oootz - 0.000s%

Table 4.4: File size distribution in web caches

4.2.5 Topology and Peak Total Down Stream Traffic

Greater than 128M

Figure 4.1 represents the network topology and the downstream demand on each link

used for simulation and optimization models ISASKTI]. The topology takes into

account the 7 small cities and 2 larger cities that are connected to the regional ISP.

The traffic demand on each link includes the total traffic on the link. This data was

obtained from |DIAMOll, [SASKT2]. Based on the analysis on the content type (sec

4.2.1 and 4.2.2) and web trace analysis, we have estimated that around 30Yo of the

total HTTP traffic was hit traff,rc.

I

L

0.0001% - 0.0005%

0.00001% - 0.0003%

I

I

I

l
.1

l
I

I

I

l
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4.2.6 Location of \ileb Caches in the Regional ISP

There are 6 caches in the regional ISP; they are located at node P and S in figure 4.1.

4 caches are placed at node P and 2 caches are places at node S. Each web cache cost

around $4000 USD and can handle around 30Mbps IDIAMOl].

4.3 Summary

Understanding and charucterizing the regional ISP network traffic is a key factor in

the performance study of a network. In this chapter we have performed an analysis of
hit rate, web cache capacities, demand on each link and the overall HTTP traffic. We

use these values in our next 2 chapters, chapter 5 Optimization model and on the

chapter 6 Simulation model. The next chapter describes the optimization model and

the assumptions made in solving the cache location problem for a regional ISP.

Figure 4.1: Peak Downstream Traffic IDIAMOU

l)-..

5ó
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5 Optimization Model

One of the objectives of this thesis is to design an optimizatton model to solve the

cache location problem for a regional ISP as described in chapter 1. A series of

optimizations are performed for different values of total budget. The results from

these optimizations provide us with the best locations to place the caches in the

network for a given budget. This chapter describes some of the issues addressed with

the optimization model and the rnodeling methods used. It also describes the

assumptions made. Section 5.1 provides an introduction to optimization model.

Section 5.2 provides a network overview and assumptions. Section 5.3 provides the

mathematical models. Finally the chapter is concluded in section 5.4.

5.1 Introduction

The cache location optimization problem involves designing the caching architecture

such that cettain objectives are achieved as much as possible. Generally, the

objective of web cache location problem includes reducing the time to transfer one

unit of data from source to destination, reducing the traff,rc going to the original

server or passing through the inter provincial or international links, alleviating server

bottlenecks, minimizing user access latency, and maintaining transparency to the end

user. In our objective function we aim at reducing the mean time to transfer one unit

of data from source to destination. A conventional way of designing the CLP (Cache

Location Problern) optimization algorithrn is described next. It can be called a

heuristic approach, since the CLP algorithms used are typically heuristic rules, whose

variables are assigned values to minimize ol maximize the objective function. It can

also be referred as an empirical approach, since the optimization is made based on the

measured or simulated web cache access log traces [KOSKO3].

The design of a CLP algorithm for optimization of cache location can be considered

as follows: In the first stage, the objective function for the cache location problem is

chosen. The objective function includes minimizing the time to transfer one unit of

data ol minimizing the traffic volume. In the second stage, the performance metrics
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which describe the cache location are chosen. Typically used metrics are hit rate

which represents what percentage of the requests are served from the cache, without

passing through the outgoing network links, the load on each link - representing the

traffic on the each link on the path to the original server, slack of bandwidth on each

Iink and slack of cache capacities for hit and miss traffic. The performance metrics

are chosen according to the particular objectives set [KOSK03]. In the last stage,

experiments are performed based on the CLP algorithrns folmulated, and the one

which maximizes/minimizes chosen performance metrics (constrains) are selected, as

described in the next section 5.2. Results obtained from the optimization model are

then tested using simulations using real measurements, or using simulated data.

Another possibility is running experiments in a real environment. This plocedure is

too expensive and must be repeated if there are changes in the objectives, network or

server resources, traffic patterns or when new caches are purchased.

The modeling was performed for 2 cases. in the first case we used a fixed cache

capacity and in the second case we used a varible cache capacity model. The

optimization models formulated have convex non-linear objective functions with

integer, binary and real variables, hence we use a Mixed Integer Non-linear program

(MfNLP) solver for soving our optimization problem. MINLP (Section 4.3) solver

provided by NEOS server (Section 4.1) was used to solve the problem. It implements

a branch-and-bound algorithm. The input format to the solver was AMPL (Section

4.2), details about the solver and the server are expalined in Appendix A.

5.2 Network Overview and Assumptions

Chapter 5: Optimization Models

This section gives an overview of the components that are used and the assumptions

that are made in designing the model.

5.2.1 Routing

In this thesis, we describe an optimization model that places caches inside a tree

network. In our model, Transparent En-Route Caches (TRECs) are used to route the
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requests from the source to the destination. In TRECs, caches are placed only along

the path from the source (clients) to the destination (server). An en-route cache

normally inspects each request that is sent from the client to the server. If the request

is cached, (i.e. if the requested document is found in the cache) the en-route cache

will send the requested document to the client. If the requested document is not found

in the cache, the en-route cache will forward the request to the web server (internet)

along the standard louting path. These en-route caches are transparent to both clients

and servers. Since TRECs are easy to introduce into existing networks and are easy to

manage IKRISOO], TRECs are widely deployed among most existing networks. In

our optimization model we assume requests flow upstream to the root of the tree only.

Studies by Krishnan at el IKRISOO] have shown that 93o/o of the routes are stable, so

we used a fixed routing scheme for both optimization and sirnulation model as shown

in figure 4.1.
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5.2.2 Full Dependency

For simplicity, we assume that our network follows the "full dependency" model. In

other words, if a particular document is found in a cache then the same document is

assumed to be found in all other caches. This assumption is considered quite practical

in the real-world, because studies [BEST96],[BRES99] show that only a fraction of

the pages are considered the most popular among all the pages that are stored in the

server, and these pages are most likely requested by the clients from all the nodes.

Thus, "full dependency" model will allow us to store the most popular pages in all

caches.

5.2.3 Process Sharing Queue and Balanced Fairness

Process sharing queues have become an important tool in flow level modeling for the

internet. For example, consider a single server process sharing queue having a

capacity C. This capacity is shared equally by all the customers in the system. If there

are X customers in the system, then each customer will receive service from the

system at the rate of X/C. In the process sharing queue, customers will receive selvice
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from the system as soon as they arrive. Generally, HTTP traffic running on

Transmission Control Protocol (TCP) shares the resources of the network between the

flows (i.e. transfers of web objects). Since in the real network model all the requests

share the same links, we propose to use process sharing queues to model our system.

At any given time in a network the sum of allocated bandwidth for each flow that

passes through a link should not exceed the link capacity. i.e. let s be the file size of a

request at a time t, and let each path r (A patli is a sequence of consecutive nodes in a

topology graph and the length of the path is the number of edges traversed.), is

allocated some bandwidth ú,(t) , such that the sum of bandwidth allocated to each

flow (web object) does not exceed the link I capacity C¡:
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Balanced fairness is an allocation policy that can be considered as the most efficient

insensitive allocation |TIMO03]. Network performance depends on a number of

complex factors like the nature of requests arrival process at various nodes,

bandwidth sharing among requests traversing a common link, distribution of request

size. When bandwidth allocation is based on balanced fairness and request arrival

follows a Poisson process, the time required in transferring a request and the expected

throughput depends on the average traffrc load on each path and the file size of the

requests. This is refered as insensitivity properly and is satisfied by a class of

network models know as Whittle queuing networks [DIAM03].

In obtaining the upper and lower bound of our objective function, the throughput of

the flows in the network is based on the bandwidth allocation according to balanced

fairness scheme explained above. Let Ct and A¡ represent the capacity of a link / and

demand on the link / respectively. Let r: flt, lz, \s.../¡,.f represents a path in a

network. Let T,(s) represent the mean time to transfer a request of size ,r on a palh r

under balanced fairness. Then bounds derived are given by [DIAM03I:

i.e. Zó,Ø < ct Yl e L
{rll er\

Equation 5.2.3.1
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Lower bound, first parl of equation 5.2.3.2 is the Írean time to transfel one unit of

data through a bottleneck link. Ct- fu is defined as the minimum bandwidth or

minimum cache capacity that is available on any link between source and destination

nodes. This is the link bottleneck approximation for our mathematical model.

Upper bound, second part of equation 5.2.3.2 is the mean time to transfer one unit of

data tluough all the links along the path fiom source node to destination node. This is

the store and forward approximation in our mathematical model.

Usage of equation 5.2.3.2 in our optimization model will be explained in detail in
section 5.3.1.

Our optimizationproblems aim at minimizing the value of a linear combination of the

two terms in equation 5.2.3.2, which form the objective function of our optimization

model. In our objective function, the time required in transferring a request and the

expected thloughput depends on the average traffic load on.each path and the f,rle size

of the request. Hence the bandwidth allocation in our model is similar to the balanced

fairness allocation policy explained above.

.nu* " <z,.ls)<t t
ter ct- fu fi cr- At
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Equation 5.2.3.2

5.2.4 Calculation of Cache Cost Based on Cache Capacity

From IDIAMOI], we obtained the table which gives the cost of some caching

appliances and their corresponding cache capacities in Mbps as shown in table 5.1.

Product

AratechC3100

BBGcache

Charnomile

iCache400

Cost US$

14900

7595

2500

Cache Capacity (Mbps)

3250

83

38

I6

44
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iMimic

iCache2500

Kotetu

Pyrarnid

StratacacheE-55

StratacacheF- 1 20

9895

Swell1000

269s0

TNclabs

2000
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60

From the above table we calculated the cost of caching appliances for 1 Mbps of

cache capacity using linear least squares with non-negativity constraints for first

degree polynomial (using Matlab's lsqnonneg command). We obtained the value of

the slope to be 159.14.

389s

t44

Table 5.1: Cost and capacity of caching appliances

8695

t1

2549

69

9000

27

65

7

67
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Figure 5.1: Cost vs. Peak Throughput Capacity for Caching Appliances

lDrAMOlì

Figure 5.1 represents the relation between cost and peak throughput capacity of

caching appliances. We observe that cost to peak throughput capacity of caching

appliances is close to linear. Hence, we assume the cost of 1 Mbps of cache capaciÍy

is approximately equal to $159.14 for both fixed and variable cache capacity models.

5.2.5 Internet Node

In our model we assume that the root node represents the network outside the ISP's

network, basically the Internet. All the requests that are not served by the caches are

passed to this node. To consider a network outside the ISP's network would make the

system complicated and diffrcult to optimize, so to simplify the model we make this

assumption. Node 1 in figure 4.1 represents the Internet node.

5.3 Optimization Model for Cache Location Problem
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The network is modeled by a connected graph G (J, E), where -/is the set of nodes

and E is the set of edges representing the links. The input parameters for the model

are summarized in table 5.2. Similarly the decision variables are summarized in table

5.3 and the supplementary variables whose values are completely dependent on the

decision variable are summarizedintable 5.4.

In this thesis, we construct an optimization model to reduce the mean time taken to

transfer one unit of data from the source to the destination (for the entire network).

The f,irst model considers caches with variable cache capacities and the second model

considers caches of fixed cache capacities. We obtain results for both cases.
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5.3.1 ObjectiveFunction

The objective function for fixed cache capacity and variable cache capacity models is

the same. The objective function is a non-linear function and all the constraints are

linear. The objective function has two terms weighted by a factor of Q for upper

bound and (1-Q) for lower bound (Upper and lower bounds are explained in detail in

section 5.2.3). The first term represents the lower bound (explained in detail in

Section 5.2.3) on the mean time to transfer one unit of a data on the shared links on its

path from source to destination. The second term represents an upper bound on the

mean time to transfer one unit of data on the shared links on its path from source to

destination.

Referring to equation 5.2.3.2, the hrst parl of the equation defines the lower bound of

the objective function. The term Ct- h defines the slack (available bandwidth) on

the link / and 1nl¡ {O - At} defines the minimum slack on the path r. Hence we define
ler

the bottleneck link on the path r as link / where Ct - At is minimum for I e r .

Let cache¡ be the node where the filst cache is encountered along the path from node

7 to the root of the tree. Because of the full dependency assumption, all the requests

frorn nodej, which result in cache hits, will be served from a cache on this node.
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Let u¡ : r,nin {O - Ar\, where h¡ is thepath from j to cache¡. Since the network is a
leh¡

tree, there is only one path to the cache node. u.i represents the slack on the

bottleneck link along the path from node j to the first cache encountered along the

path to the root of the tree.

Let D,represents the demand at nodeT due to netwolk traffic demand originating at

i. Since D, is the demand from nodeT and u,is the slack on the bottleneck link, we

can determine from equation 5.2.3.2 a lower bound on the Ílean time (z ) to transfer 1
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Mb of data. Thus a lower bound

hits to the destination (node7) is,

D,
- _'r .tt-r;

7 represents the mean time to transfer one Mb of data through linki. Where T (time

period) is the duration of fixed time interval.

Let,

is the total waiting time or sum of latencies for all
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Z tt the above equation represents the sum of all mean latencies divided by the total

numbet' of bits transferred and thus the mean time to transfer one Mb within the

network as a whole.

Let,

rr 2i
a u,t: >,* )

k

(Equation 5.3.1)

l- D¡
L;

w- t .l'->Dr
k

I in above equation represents the sum of all mean latencies divided by the total

number of bits transferred and thus represents the mean time required to transfer one

Mb of data within the network as a whole for hits. Since we considet|Do as a
k

constant (i.e. the demand is constant as it can be directly obtained from the log hles

when running the real experiment), we can also use in our objective function,

(Equation 5.3.2)

(Equation 5.3.3)

Therefore the lower bound parl of the objective function for hit traffìc and the rniss

traffic can be defined as in Equation 5.3.6. 'We use q (equation 5.3.5) to represent the
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slack of bandwidth for miss traffic (rniss traffic is the traffic that is not served by the

caches along its path to original server) along the path from source to the root node.

Let,

ln equation 5.3.5 m¡is the path from nodej to the root node.

^ii = ¡nin {Ct- Ar),
lent¡

We represent both ,l and u , separately, since miss traffic is not served by any caches

on the path from source to destination where as the hit traffrc is served by a cache on

the path to the destination. a is the fraction of hit traffic.

Hence the lower bound of the objective function is def,rned as follows
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(Equation 5.3.5)

':41,#.#**-ô.)]

Where K, represents the Internet node and ä;r is set to one if7 and K are the same

node, else set to 0. The term (1 - á;r) is added to both upper and lower bound terms, to

calculate the mean time up to node K (Internet node).

The second term of the objective function is based on the upper bound on the lnean

time to transfer one Mb of data on the links on its path from source to destination as

discussed in section 5.2.3.

Let,

- fslack on link r/

I.M

(Equation 5.3.6)

If rl is on path hø, i.e. h¡,r: I

Otherwise

andr=0Ì
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ISlack at node 1
7¡t :1't M

fslack on link 11
õirt :1

lM

If / is on path h¡,r, i.e. h¡,t = I, Í, : 0 and -y, 
: 0 I

Otherwise )

(Equation 5.3.8)

In the above three equations M (same as BigM Ìn table 5.2) is a very large number.

The term hlt is set to one if the path between 7 and the Internet node passes thr ough

link r/ else it is set to zero. The term / is set to one if requests from node/ pass

tlrrough a cache before reaching the node / else it is set to zero. The term yt is set to

one ifat least one cache is present on node /, else set it is to zero.

Equation 5 .3 .7 , defines the slack of bandwidth for traffic from node 7 passing through

link rl. The slack on link r/ is defined as the difference between the bandwidth on the

link r/ and demand on the link rl (rnisses and hits) in Mbps which is incident on link

r/ from its children and not filtered out by caches lower in the tree.

In equation 5.3.8, the slack at node / is defined as the difference between the capacity

of the cache on node / and the total demand (misses and hits) in Mbps which is

incident on node / from its children and not filtered out by caches lower in the tree.

In equation 5.3.9, the slack on link r/ is defined as the difference between the

bandwidth on the link rl and demand on the link rl in Mbps which is incident on link

rl from its children and not filtered out by any caches (i.e. miss traff,rc).

Let,
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If rl is on path hi,t (hir - l)\
Otherwise )

(Equation 5.3.9)

u: >[o.,, -ur)l'[t "r I r*,*lr,];,n n
v r ,t e.r3 .lt1¡ ,r.¡ s=1 P irl

ZD,,

(r-øX I (l))¿,
vr.te.tt,hl¡.r.1¡=1 Õirl

lD,,

(Equation 5.3.10)
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Where: K represents the Internet node.

ôr is set to one if7 and K are the same node, else set to 0. The term (1- ârr) is

added to both upper and lower bound terms to calculate the mean time up to

node K (Internet node).

R =la l@ + Itfix)+ (1- Q t c]

.R represents the mean time to transfer one Mb of data on the bottleneck link. c

is the maximum throughput that can be achieved on the link connecting to the

Internet node (i.e. link PI in figure 4.1). Hence a l(c+ Mfix)+(l-a)lc

defines the mean time to transfer one Mb of data through a bottleneck link

from nodeT to node K (internet node).

Chapter 5: Optimization Models

U defines the upper bound of the objective function. In the upper bound of the

objective function the term * , t, added if r/ is along the pathT to the cache node
ß¡'

which serves its demands else we add

the path i to the cache node which serves its demands else we add

1

term : , is added if link r/ is along the path 7 to the original server node which
oj,1

serves its demands else we add I . O very small value I i, added to the mean timeMM
to transfer one Mb of data to avoid the divide by zero error. Hence for upper bound,

the mean time to transfer one unit of data is the summation of mean time to transfer

one unit of data on each link along the path from source node to destination node.

Destination node is Internet node in case, where the traffic load is not filtered by a

cache.

Hence the objective function is the overall mean time (for the entire network), taken

to transfer one Mb from source to destination given as,

1

M
. The term

1

; , is added if node / is along

1

M
Similarly the
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z : (1- Q(r)+ 9u
-Or-

' = (t -'[; l'#. ffi* - 
"']] 

.

Where R =la l@ + Mfix) + (1 - Q I cl (R explained in section 5.3.1) and the objective

function has two terms weighted by a factor of Q for upper bound and (l -Q) for lower

bound.

I clr*Irllr¿,
Vr.le,ti.h1¡.r.¡ 1=1 Pit't t 4¡l
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5.3.2 Variable Cache Capacity Model

in the valiable cache capacity case, we use the cost for I Mbps cache capacity as

described in section 5.2.4. The cost of each cache is defined by a product of cache

capacity and cost for 1 Mbps cache capacity. Fol different budgets, the optimizer

outputs the cache capacity and the corresponding cache location ofeach node defined

in the topology. Tables 5.2,5.3 and 5.4 describe in detail parameters, variable and

supplementary variables respectively. The following is the mathematical model

defined.

Minimize

(l rl
' = (t -n\ ll,#,.T#,t' -ô") 

| l.['L ,, -))

Tr" ln.

(
(g)tlR+(t-ô*

Tl
l.

'Where R

a( t rli* Zrln o,
' 

v r.t e.t -14 ¡. r,t ¡=r' þ¡'''

+
:fa t@ + fix)+ (1 Qtcl

(t-a)( I (Il)o,
vr,te.ti ¡.r.t rl O.i''t

(R explained in section 5.3.1)
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Subject to:

yi * minDemand <= CacheCapacity¡

CacheCapacity¡ <= sumDemand * y;

CacheCapacityr = 0

.f ¡o s y, + Zv¡,v,*! r(1 - árxl - õu,)
t+J,K
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(l- õo)(y' + I(1 - ãi)(l- ãlV,,V¡rt) < countnodef -fu vj,k e J2 (constraint
I

s.3.2.s)

fii=0

Yj eJ

Yj eJ

z, < cacheCapacity, + sunxDemand(I- y,) Yj e J

(Constraint 5.3.2.1)

(Constraint 5.3.2.2)

(Constraint 5.3.2.3)

z¡= D¡+lnovr,(\- f,,¡) Vj eJ (Constrainr 5.3.2.8)
k+.¡

x, = V r sign(B,.,)(D,. (1 - ay, ) + \V,,. D, (1 - df ,,)) Y (r,l) e Jz

Yj,k e J (Constraint 5.3.2.4)

x,t l Brt

YjeJ

tt, 3 8,, - x,t * BigM (y + yr + f¡,)

u, < cacheCapaciÍy,

(Constraint 5.3.2.6)

(Constraint 5.3.2.7)

s,18,,-x,,

Y(r,t) e J2

Yjrl e J3 ,h.¡,t = 1.

-ztr BigM(I-!,V¡,)(f ¡,)Vi,l eJ2

Vjrl e J3 ,h¡,r : I

(Constraint 5.3.2.9)

(Constraint 5.3.2.10)

(Constraint 5.3.2.1I)

(Constraint 5.3.2.12)
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ttjl=c+BigM+f.x

Bi,t = 8,., - x,t * BigM (fìr)

21t = CacheCapacityr - z t * BigM ((I - yù + Q - .rtù Yjl e J2,Vjr = I

O¡: 8,., - X,,

costj : s I op e + CacheCapacity;

totqlCost = | costT
¡

tolalCost <=T

h¡,t : V,,V¡sign(B r)
BigM: max(Br,t)*10

minDemand = min(D)

sumDemand: I D
j

(c-s7))0

yi e {0,1}

f¡r e {0,1\

n¡ ez*

-.- D¿/ c t\+

x¡eR*

c,u¡, B¡,t, ).¡,.i1, ojr¡ > 0

c ache C ap ac ily i, costi, totalcost e A*
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YjeJ

Yjrl e J3,h¡,r=I

(Constraint 5.3.2.14)

Vjrt e J3 ,h¡,r =l
Vj eJ

VjeJ

(Constraint 5.3.2.15)

(Constlaint 5.3.2.16)

(Constraint 5.3.2.17)

(Constraint 5.3.2.18)

(Constraint 5.3.2.19)

(Constraint 5.3.2.20)

(Constraint 5.3.2.21)

(Constraint 5.3.2.22)

(Constraint 5.3.2.23)

(Constlaint 5.3.2.24)

(Constraint 5 .3 .2.24a)

(Constraint 5.3.2.25)

(Constraint 5.3.2.26)

(Constraint 5.3.2.27)

(Constraint 5.3.2.28)

(Constraint 5.3.2.29)

(Constraint 5.3.2.30)

(Constraint 5.3.2.3l)

Vjrl e J3

Yj,k e J

VjeJ

Vj eJ

Vj e J

VjeJ

Yj,k e J2

Vj eJ

VjeJ

Yj,k e J2

Vj eJ

VjeJ

The objective function is described in section 5.3.1.

Constraint 5.3.2.1 and 5.3.2.2 define y¡: sign(cacheCapacity).If cacheCapacity is

positive value, theny¡ is set to 1 else set to 0.
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Constraint 5.3.2.3 states that no caches are placed at node K, because node K is set as

the Internet node (described in section 5.2.5). (In our thesis we are trying to places

caches within a regional ISP network, but not on external nodes. Node K in the

considered as internet node in ouÍ network model)

(.1-,1-'i.Jjt-------r i-;

Constraint 5.3.2.4 and 5.3.2.5 guarantee thatfit to be 1 or 0, depending on whether

there is a cache betweenT and k (figure 5.3), but not including k. If a cache is placed

between nodeT and k but not on kthenfir is set to 1, else set to 0.

Figure 5.3: Path taken from node j to reach node k
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Constraint 5.3.2.7 assures that tlie load on the cache at nodeT should not exceed the

capacity of the caches at nodej (if there is a cache). For example, let us consider that

node 7 has a cache and the peak throughput capacity of that cache is 100 Mbps.

Therefore, when these values are integrated into the constraint

z , < cacheCapacily , + sumDemand(I- ! ¡), we will get z, <l)}Mbps (since ! ¡:l
i.e. cache is present at node7, sumDemand(1- y ¡) will become zero).In other words,

the maximum load that a cache can supporl is 100 Mbps. If there are no caches placed

at node 7 then y¡:0 and we will take sumDemand into consideration. Since

sumDentand is the maximum demand of entire network, the constraint becomes

redundant.

constraint 5.3.2.8 defines z,,the load on a cache at node7. The load on 2.,, canbe

defined as the sum of all traffic that is corning from different nodes (kt, k2,..., k) to

node 7, such that the traffic is not first filtered by a cache en-route. The factor V¡,¡

guarantees that only traff,ic fi'om leaf nodes which is routed through 7 contributes to

tlre load. The factor (l-f¡) gtarantees that only traffic which is not filtered en-route

contributes to the load.
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Constraint 5.3.2.9 defines the workload on Iink rl. The workload on link rl can be

obtained by calculating the total traff,rc at node r (this includes traffic that is generated

at node r and traffic that is generated by neighboring nodes, which pass through node

r to reach the destination) that passes through node / in order to reach the server.

Constraint 5.3.2.8 defines an ovelview of how workload is calculated on linkr/ . For

example, let us consider figure 5.4, in which traffic to node r is coming from node /1

andnode t2.However,afi'action a ofthetrafficthatisgeneratedfi'omnodes tI, t2
and node r, is filtered at node r , if a cache is placed at node r . If a cache is not

placed at node r then the entire traffic from node r will be directed towards node /.

This shows that only the unfiltered traffic will flow from node r to node /. This will

give the traffic on the link r/ .
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In Constraint 5.3 .2.9, V,., determines if the requests from node r pass through node / ,

in order to reach the server. sign(B,,) determines the existence or absence of a direct

link between node rand node /. The variables used in constraint 5.3.2.9 are

explained below;

. sign(B,t) : I if there are no intermediate nodes present between the nodes r

and /.

. sign(B,r) :0, if there are some intermediate nodes present between the nodes

randl.

tr 
,J

Figure 5.4: Workload on the link

rì
"'t',, --nr/
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(7-ay,.):l, if no cache is placed at node r else if there is a cache at node r,

then a fraction ø of the traffic load is filtered at node r.

Q-d,,): l, if there is no cache on the path from node / to /, but not

including /. else a fi'action a (the b¡e hit ratio), is filtered at node r.

V,,D,(7- d,,) gives the traffrc load (which flow fi'om node /) on link r/ .

D,(I - ay ,.) gives the demand on node r.

Constraint 5.3.2.10 gualantees that the wolkload on the link r/ is always less than or

equal to its total bandwidth.

Constraint 5.3.2.11 determines the minimum slack on the bottleneck link for hit

traffic (hit traffic is the traffic load that is served by the cache).

In this case, we are interested in finding the bottleneck link, i.e. where (in which link)

the slack is minirnum. Figure 5.5 explains in detail how we calculate slack on the

bottle neck link in equation 5.3.2.11. u¡ represents the minimum slack on the path

from node j to internet. The term BigM(þ* !,+ fi,) is used to verify that the traffic

flowing through the path between node j and node r or any other node on the path

fi'om nodeT to r is not filtered by a cache.

Available bandwidth on
bottteneck link (Uj)

Chapter 5: Optimization Models

Figure 5.5: Calculating available bandwidth on the bottleneck link

Note: The objective function is a decreasing function of uj, so that u¡ w1ll be as large

as possible subjected to constrains 5.3.2.77, 5.3.2.72, 5.3.2.1,4.

Bottleneck link
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Constraint 5.3.2.12 guarantees that the bottleneck slack for requests from nodeT must

also be smaller than the slack in capacity of the cache, which might be serving the

requests. BigM(1- y,V¡,)(.f ¡,) describes that constrains 5.3.2.12 becomes redundant,

if there is a cache on a node on the path from node 7 to node /, so that demand is

filtered en-route to / or if there is no cache on node /.

ry represents the minimum available bandwidth along the path from nodeT to the root

or Internet node. This load is not filtered by any caches on the path. We assume that a

fraction of (1 - ø) of the total load on each link is not filtered by the caches, and only

a fraction of ø is served by the caches on the path from source to Internet node.

Constraint 5.3.2.13 guarantees that ry is the minimum slack (available bandwidth

along the path from node.i to Internet node) along the path from node 7 to Internet

node.

Constraint 5.3.2.14 ensures that maximum throughput on the bottleneck link is less

than a constant c (c is a mean throughput, calculated from the trace files collected

from the Sasktel network). This is meant to model cases where the bottleneck is at the

server or the DSL link to the client, and not within the network.

Constraint 5.3.2.15,5.3.2.16,and 5.3.2.17 definefi,t, ).¿t and ofl (Æ,1, kt and o¡ as

defined under section 5.3.1) respectively.

Constraint 5.3.2.18 def,rnes the cost of the cache at node7. The cost of the cache is

defined as the slope or the cost of one Mbps of cache capacity times the cache

capacity. Calculation of cost of cache capacity is described under section 5.2.4.

Constraint 5.3.2.19 defines the total cost of all the caches in the network.
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Constraint 5.3.2.20 describes that the total cost of all the caches should be less than

the available budget Z.
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Constraints 5.3.2.21 to 5.3.2.24 are defined in Table 5.2. Constraints 5.3.2.25 to

5.3.2.31 define the type of data that the variables take.

5.3.3 Fixed Cache Capacify Model

In the fixed cache capacity case, we use caches with capacities of fixed size W, The

cost of each cache is given by E and the total budget is Z. For different budgets, the

optimizer outputs the number of caches to be placed on each node within the

topology. Tables 5.2,5.3 and 5.4 describe the parameters, decision variables and

supplementary variables respectively in detail. The following is the mathematical

model defined:
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MtnlmIze

(t
=(1-ørl >lc

[,1

@>

oD¡

\>,D-

A+(1 t,[
a(

(r- a)\t.l

trT

v
Z-¿

D,,,,
__ax.
Du"

1(-
u' þ.¡,',

l
t-4") 

ll+
))

)+filll¿,
I /tlt

Subject to:

N +p =Lr,
.ieJ

,lt(.j ,r,t)=t

lD,,

Ep <T

l¡ln,

.f ¡¡ t y, + Zv¡¡vu,!r(1 - ârX1 - õu,)
l+i,k

Where R: [ø l@ + fix) + (l - Q I c]

+
LD,,

(Constraint 5.3.3.1)

(Constraint 5.3.3.2)

Yj e J (Constraint 5.3.3.3)

Vj,k e J (Constraint 5.3.3.4)
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(r - 6o)(y¡ + | {t - õu)(l - ãr)V¡rvu,y) < countnodesy¡ , k e J2
I

fii=0

t ¡ < K * r., * suntDentand(I - y ¡)

z.j=Di+\nrvn(l-f,,¡)
k+.¡

x, = Vrsign(B r)(D,(I - ay,.) +\V,,.D,(\ - af,,)) Y(r,l) e J2
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x, 3 Bn V(r,l) e J2

u, I B, - x,t t BigM(y + y,+ -fr,) Vjrl e J3 ,h¡,r=I

u, 114/n, - zt * BigM(l- !,V.¡, +(-f ¡,) Yj,l e J2

VjeJ

YjeJ

VjeJ

s., 18,, -x,',

ü¡1=c+BigM*f,x

n¡ S (N +T I E)y¡

c-¡:¡>o

ßn: 8,, - x,t t BigM(fìr)

(Constraint 5.3.3.5)

(Constraint 5.3.3.6)

(Constraint 5.3.3.7)

(Constraint 5.3.3.8)

ltt = Kru - zt t BigM((l- yt) + (I- Í,)) yjt e J2 ,vjt :l

O)ú=Brr -X,t

h¡r = V 
¡,V,.¡ 

s ign(B,.,)

BigM=max(B¡,)+10

minDemand = min(D)

sumDemand = I D
.i

nlo:0

/r e {0,1}

fu e {0,\

4i€ Z*

Yjrt e J3 ,h¡,r :7

Vj eJ

Yj eJ

YjeJ

Yjrt e J3 ,h¡,t :I

(Constraint 5.3.3.9)

(Constraint 5.3.3.10)

(Constraint 5.3.3.11)

(Constraint 5.3.3.12)

(Constrairf 5.3.3.13)

(Constraint 5.3.3.14)

(Constraint 5.3.3.I5)

(Constraint 5.3.3.16)

(Constraint 5.3.3.17)

(Constraint 5.3.3.18)

(Constraint 5.3.3.19)

(Constraint 5.3.3.20)

(Constraint 5.3.3.21)

(Constraint 5.3.3.22)

(Constraint 5.3.3.23)

(Constraint 5.3.3.24)

(Constraint 5.3.3.25)

(Constraint 5.3.3.26)

(Constraint 5.3.3.27)

Yjrl e J3 ,h¡r =1

Yjrl e J3

Yj,k e J

YjeJ

Yj eJ

YjeJ

Yj,k e J2

Vj e J
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z.i e R+

x.¡k e R+

c, u¡, þ¡,t. kt,.ti. olrr > 0

PeZ*

The obj ective function is described under section 5 .3 . 1 .

Constraint 5.3.3.1 helps us determine the total number of caches that are purchased.

More precisely, the palameter N represents the number of caches that ale initially

available in the network andp gives the number of caches that are purchased. The

sum ofN and p gives us the total number of caches that are currently placed in the

network.

Constraint 5.3.3.2 guarantees the total amount ($) spent to purchase caches (number

ofcaches purchased * cost ofeach cache) is always less than or equal to the allocated

budget (Z).

Constraint 5.3.3.3 and Constraint 5.3.3.15 guarantee thatyT is set to 1, if there is a

cache on the nodeT and the number of caches on the node is greater than 0.

Tlre rest of the constraints are the same as in section 5.3.2.
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Yj eJ

Yj,k e J2

VjeJ

(Constraint 5.3.3.28)

(Constraint 5.3.3.29)

(Constraint 5.3.3.30)

(Constraint 5.3.3.31)

All the equations from (Equation 5.3.3.21) through (Equation 5.3.3.24) can be

explained by the definitions in Table 5.2. Equafion (Equation 5.3.3.25) through

(Equation 5.3.3.31) defines the type of data that the variables take.

Parameters

T

v,r

Total given budget

I If HTTP requests fi'om node j pass

through node k to reach the servers

that are outside the network, in the

Description
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ã,

absence ofcaches

0 Otherwise

D

B,t

Hit-ratio for all caches

6¡t

Demand in Mbps for HTTP traffic from node j

Bandwidth of the link from node r to node I

Slope
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i if j and k are the same

0 Otherwise

L

Represents the cost for lMbps link in USD

a

Represents the maximurn throughput on the

bottleneck link

BigM

minDentand

Represents the weight for lower and upper bound in

the objective function

suntDentand

A big value

h¡,

Minimum node demand in the network

Sum of all the demands on all the links

1 if the path between j and the internet passes

thlough link rl

0 Otherwise

N

E

Countnodes

W

Number of caches available initiallv

Table 5.2: Parameters for the proposed optimization model

Cost ofeach cache

Peak throughput capacity in Mbps of a cache

Decision VarÌable

Count ofnodes

ftì

Table 5.3: Decision variable for the proposed optimization model

Nurnber of caches stationed at node j
Description
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Supplementary

Variables

!¡ 1 Ifat least one cache is

present on nodej

0 Otherwise

f,o

Description
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Ifrequests from nodej

pass through a cache

befole reaching the node

k

Otherwise

xrt

z.i

HTTP traffic in Mbps traversing the link between

nodes r and I

p

u¡

HTTP traffic load for caches placed on node j

S.,

Number of caches to be purchased

Minimum slack on bottleneck link for hit traffic.

ft,t

Minimum slack on bandwidth on the path of miss

traffic

oJt

Available slack of bandwidth on the link rl or a very

large number

2tt

Available slack of bandwidth on the link rl or a very

large number for miss trafhc

cacheCapacity¡

Available slack of cache capacity on the node r or a

very large number

cost¡

rotulcost

Caclre capacity at node j

Table 5.4: Supplementary variables for the proposed model

Cost ofcache at nodej

Cost of all the caches
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5.4 Summary

This chapter has described in detail tlie optimization models to solve a cache location

problem for a regional ISP network model. The chapter gave an introduction to the

optimization model, followed by the optimization models for 2 cases; fixed cache

capacity and variable cache capacity. Optimization was perfomred using the NEOS

server to solve the mixed integer non-linear problems. A Mathematic Programrning

Language (AMPL) was used as input format to the NEOS server. The results ale

presented in chapter 7 section 7.1.

Chapter 5: Optimization Models
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Chapter 6: Simulation Model

CHAPTER SIX
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6 Simulation Model

To validate the optimization model of the cache location problem described in chapter

5, we use a simulation model. One of the objectives of this thesis is to validate the

mathematical model through simulations. A series of simulations are carried out to

test the performance of the Sasktel network by placing the caches at nodes obtained

fiom the mathematical model. This chapter discusses the simulation model and the

traffic modeling techniques. It also outlines the network model used for performance

analysis of the system and the assumptions made in the simulations. We designed and

implemented a simulation model using Network Simulator version 2 Q.{S2) for

validating the results obtained from optimization for the cache location problem for a

regional ISP. Section 6.1 provides an introduction to the simulation models. Section

6.2 presents the components of the network model and simulation model uséd.

Section 6.3 describes the traffic rnodel. Section 6.4 discusses trace driven simulations.

Section 6.5 discusses the assumptions made in designing a network model. Section

6.6 describes the steps used in simulation. We conclude the chapter with a summary

in section 6.7.

6.1 trntroduction

Designers of networks usually airn at gaining the highest network performance at the

lowest cost. Modeling and simulation of networks is a good staft for the design and

engineering of real networks. Simulation is an imitation of real system by a computer

program.

Simulation models allow a system to be modeled at any level of detail: from a direct

translation of a queuing network model to capturing every aspect of the system's

behavior. Simulation also supports the collection of any performance metric that can

be deñned and programmed [SIMUO2]. We use the simulation model to validate the

optimization model.

Chapter 6: Simulation Model
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Model validation involves developing an acceptable level of confidence such that the

performance measures predicted by the model are applicable, if applied to real system

|LIU03]. Validation ensured that the assumptions used in developing a model are

reasonable. If the model is correctly implemented, it would be close to the real

systems. Most of the cache location problems are solved by optimization and

validated by using a simulation model [KRISO0] IDIAMO2I lCZYZg7l.

6.2 Network Model Components

In this section we describe the network components.

6.2.1 Caches

Web caches store a list of most popular web pages. Each cache has a pool of web

pages, consisting of a page ID and page size. Each cache also contains a list of page

IDs, which acts as a queue and allows for LRU page discarding (described in section

2.3.1.2) when the cache is full. When a client requests a page in the cache, the cache

returns the requested page, if the cacheability of the requested page is one and if it has

the page in its pool. Otherwise, the cache will mark which client/cache has made that

request, and forwards the request to the next cache towards the destination server.

Once the page is found either in a cache or a server, a copy of the requested page is

placed on all the previously requestecl caches until they hit the lequested client.

6.2.2 Servers

A server contains the oliginal copy of the pages requested; it contains all the pages in

the system. Every request that has been requested will eventually be served by a

server, ifthere ale no caches en-route to the server, or ifno cache has the page cached

or if the page is a non-cacheable page.

6.2.3 Clients

Clients request documetfs. Every request that has been requested will eventually be

served by a server, if there aïe no caches en-route to the server, or if the cache does

not have the page cached or ifthe page is a non-cacheable page. The server or cache
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serve the request to the client and will save a copy in the caches which are on the path

to the client.

6.2.4 Topology

The topology of the simulation model involves a network topology and definition of

bandwidth, delay and buffer size for each link. The first step in topology creation is

defining the base nodes [SAILO3]. The base nodes are created using the topology file

(section 8.3.2 defines the attributes in a topology file.). We create the base nodes first

and give each node an ID called node ID, once the base nodes are generated, clients

are attached to the base nodes and are given the same ID as node ID. Since it is

difficult to simulate individual cache and server bandwidth, we create a new node for

each server/cache which is attached to the base node with the equivalent node id. A

cache or server is then attached to that node and added to either the cache or server

array with index the same as node id, so that there is a link fi'om the base node to the

newly created node [SAIL03].
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6.2.5 Routing

Web caches developed in recent years have the ability to route TCP and UDP data

flows based on their URL and cacheability in the HTTP headers. Hence HTTP

request can be assigned to various caches depending on the cacheability and

popularity. This technology can be used to construct transparent caches as explained

in section 5.2.1.

The routes between nodes are described in section5.2.1.'When apage is requested,

the page has a route which accepts 2 parameters. The hrst parameter is the current

node ID, and the second parameter is the destination node ID. The route method

returns the id of the next node on the path from the node with the current id to the

node with the destination ID. This routing is done only for the base nodes, i.e. those

described in the topology file, not the nodes added for caches/servers. Since each

cache/server has the same affay index as the base node it is connected to, we catl
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effectively access these, ignoring the id of the node to which the cache/server is

attached.

6.3 Traffic Modeling

The data collected from the Sasktel web logs were used to generate traffic for the

simulation model. The log files were collected for a period of 8 hours. For the

purpose of simulation, we ran the simulation for a fixed number of requests, so they

would not take too long to run. At random a set of 10000 requests from a trace file

were collected and distributed among the nodes, based on the demand as indicated in

figure 4.1. 
^ 

trace file consists of time ordered list of request and their associated

variables as described in Appendix 8.3.3.

The trace file was modif,red to distribute the traffic based on the demand mentioned in

figule 4.I.I.e. the fraction of traffic origination from a nodej (say P.¡) should be equal

to the demand on the nodeT divide by the total demand of the network. From section

4.2.1 we observed that each link has around 30 % of traffic as hit traffic and around

70o/o of traffic as miss traffic. Hence the total traffic originating from each node

should approximately be a fraction of Py of the over all demand and 30%o of the total

traffic origination at any node 7 is served by a cache and l}Yo of the total traffic

originating at nodeT is served by the server.

To generate traffic closer to the model used in solving the optimization ploblem, the

following modifications were perforrned on the trace files.

The start time for each request was calculated using equation 6.3.1. The start time of

each request was modified, such that the total demand of the network is consistent

with the optimization model.
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,starttime _modified = starttinte origÌnal *
B

D
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'Where: starttinte_modified is the time of arrival of a request modified (described in

Appendix 8.3.3)

starttime_original is the time or arrival of a request from the original trace

fìle.

D (Same as sumDemand in Table 5.2) is the total demand on the network in

bytes/sec. This value is obtained by summing up all the demand of the links

in the network (referring to figure 4.1).

B represents total number of bytes transferred for the 10,000 requests

subtrace divided by the elapse time given as
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' 
Where ^!represents the file size of the;/¿ request of n requests, Z, is the start

time of the last request and T t is start time of first request.

Traffic was distributed proportional to the demand (figure 4.1) originating at each

node. Equation 6.3.3 represents the fraction of demand on each link.

ls
B= j

T,_TI

P;represents the fraction of demand from nodeT and each link has a fraction of s and

1- cr for hit and miss traffic load respectively. Let cumulative fraction for each linki
be c¡. Let hit_miss¡ represent cumulative fraction for hit and miss (i represent the

cumulative fraction of hit and miss) request of link7. The above method was used to

assign IP addresses to nodes, such that the total traffic is divided amongst the nodes

according to the fraction P;.

A random number "hitmiss" was chosen between 0 and 1 to represent whether the

request will be a hit ol a miss. A random number was chosen between 0 and 1,

represented as X7, where j represents the source nodes. For each request the following

algorithm was repeated.

D- D¡
't- >Dj

Equation 6.3.2

Equation 6.3.3
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If cr(¡) < X < cr. * rfi) , then the requests with IP address 7 are attached to node k, if the

fraction p¡ >0 (Where p¡:P¡ initially and then calculated using equation 6.3.4). If p¡

>0 then we assume the document to be hit or miss based on the hitmiss attribute. If
p¡:0, then the requestT is assigned to next link, whose p¡ r0.

The cumulative sum c, is calculated at the alrival of new request by using new

fractionp¡obtained by using equation 6.3.4

Where: /yr is the sum of file sizes of all the requests in the trace file

p; is new fraction of demand on the linkj
P7 is the target fraction of demand from nodeT

swy is a the sum offile size ofall requests assigned to nodej

* = (tw * p,- sw)/(tw - Iswi)
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The new cumulative fractions for each link are calculated using the following

equation.

cj : I Pj Equation 6'3'5
k=l

Equation 6.3.5 is used to calculate the new cumulative fraction for each link7.

Equation 6.3.4

We continue this process until all requests are assigned to the nodes. The fraction of

load on each node should be approximately equal to the original fraction i.e P, and the

load on each should have approximately a fraction of s, and 1- s for hit and miss

traffic load respectively. We assume that an iP address attached to a node is always

attached to the same node on its next occurrence, unless the link's total traffic load

fraction is greater than or equal to the required fraction of load on the link.

The requests in the trace files wete sorted in descending order of size. The above

algorithm was implemented in Perl script and was run for a couple of trace files. We

observed that for each link around 30 %o of tlaffic was hit traffic and around 10o/o of

traff,rc was miss traffic. The total traffic originating from each link was approximately
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a fi'action of P, of the over all demand. On execution of the above mentioned

algorithm we could get approximately the same link demand as shown in figure 4.1

and the fraction of hit and miss requests were approximately 30o/o and 70o/o

respectively (30% of traffic was assurned as b¡e hit ration based on the studies

described under section 4.2.1). The output file obtained from this algorithm was used

as input to our simulation model. The imporlance of this algorithm was, to generate a

trace file with demand on the links and byte hit ratio on the links to be similar to the

real ISP's network.

6.4 Assumptions

In our performance analysis study, we observed that around 30%o of HTTP traffic is

served from the caches and rest of the traffic is served from the original server. Hence

we assume that around 30Yo of total traffic originating from each node (as in figure

4.1) is served fi'om the cache which is on the path between the oliginating node and

the destination node.

We assume that all miss traffic will be served by the root node, which represents the

server for of all requests. Hence, in simulations all the requests have root node as the

destination node.

In the simulation and optimization models, we assume that all the traffic is Hypertext

Transfer Protocol (HTTP) traffic, which includes HTML, text, images, audio, video

and dynamic data. Other traffic, other than HTTP is not considered in our

simulations.

We assume that the propagation delay within a regional ISP are very small (This

assumption was made after running a series of simulation with and without link

delays in the network, not much difference was found between the two results. The

reason for this is we used a small network to perform our simulations), hence we

assume the propagation delay on the links (figure 4.1) to be zero in both optimization
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and simulation models. We also assume that there is enough buffer space in the

routers.

6.5 Trace Driven Simulations

There are 2 methods of network modeling,,analytical modeling and discrete-event

simulation. Analytical modeling is performed by a set of mathematical expression as

described in chapter 5. Using the mathematical model or the optimization model used

in chapter 5, we will not be able to simulate the dynamic nature of the network. Thus

validation of the anal¡ical model requires discrete-event simulation, which allows for

more realistic modeling of real system.

in discrete event simulation, the replesentation of time is quantified, and the system

state only changes when an event occurs [SIMUO2]. Discrete event simulation of a

computer system may be categorized as event-driven or cycle-based. In event-driven

simulation models, a series of events occur asynchlonously and at irregular intervals.

Event-driven simulations can model a wide variety of systems. In cycle-based

simulations, all changes in system state are synchronized to a single clock. The

simulation is essentially a large state machine that changes state at each clock.

There are three basic techniques to generate workloads for simulation: stochastic,

trace-driven, or execution-based [SIMUO2]. Stochastic simulations describe the

arrival patterns of requests by sampling from a probability distribution. Trace-driven

simulation represents the workload as a sequence of operations or requests. The third

method, execution-based simulation, is used to model systems in detail. The input to

an execution based simulation is the same executable code that the real system will

run. This method requires writing and validating a detailed simulation; it leverages

existing compilers and permits a wide-variety of workloads to be modeled with little

effort [SIMUO2]. The disadvantages of using any simulation include the effort

required to write and validate the simulation program and the fact that same

simulation will run many times slower than the real system.
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There are many simulation tools that are available to model a communication

network. The simulation tool that we used in this thesis is NS-2 because of good

support for the TCP/P plotocol stack and because it is a free tool, NS-2 is described

in Appendix B.

6.6 Data Flow

Figure 6.1 shows a basic request flow diagram of the simulation model. On request of

a page by the client, if the requested document is found, either at a cache or the origin

server, new TCP and sink agents are created. The TCP agent is at the source, and the

sink at the client, and they are corulected. Next, a File Transfer Protocol (FTP) agent

is created and the page is sent to the client. After all data has been transferred, TCP's

close method is called (after all the data is acknowledged) and all the agents are

scheduled to be destroyed.

On arrival of a request, a new session is started. The client requests a document using

HTTP send-request. If there is a cache on the next node on the path from client to

destination the cache checks for the document, if the document is present, then we

have a cache-hit, else it is a cache-miss. If cache-hit is called, the cache transfers the

requested documeff to the original client. If cache-miss method is called then the

request is sent to the server which replies to the original client. Figure 6.1 shows the

basic flow charl diagram.

Initially we followed a LRU replacement policy for replacing a page in the cache.

The caches needed to be populated with the rnost popular pages before running the

simulation. This process is time consuming, and we would run the simulations for

months to populate the caches before running the required simulations.

We choose a fi'action cl of the trace file as hits traffic and a fraction 1- cr as miss

trafhc. Bernoulli distribution was used to decide whether a request was a hit or miss

request based on the fraction. Hit and miss document distribution is detailed under

section 6.3.
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We used "cacheability" f,reld in the simulation input trace f,rles (described in Section

8.3.2). Cacheability field in the trace hle was used to determine ahead of time

whether a document is served from a cache or from the origin server. The

cacheability field is either set to 0 or 2, if the cacheability field was set to 0 then we

considered the request to be a miss and this request was destined to Internet node. By

setting the cacheability to 2, we served the request from cache on the path to the

Internet node.

6.7 Summary

This chapter has described in detail the network and traffic model used in the

simulations. It gave an introduction to the network components, i.e. how clients,

servers and the caches were generated and modeled. A detailed explanation of the

traffic model and the assumption made are also described. The next chapter gives the

results of optimization model and simulation model and a discussion of results.
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7 Optimization and Simulation Results

In this chapter, we present the results for the optimization and simulation models. The

results from the optimization are compared with the results from the simulation

models to test the validity of the models. We attempt to determine the location of the

caches in the regional iSP network and the target amount which would be reasonable

to spend in improving the network performance. Section 7.1 describes the

performance Íleasure to be used. Section 7.2 presents the results of optimization

model. Section 7.3 presents the results from simulation model. Section 7.4 discusses

the uncertainty nature of our model. section 7.5 discusses the results.

7.1 Performance Measures

In ISP's like Sasktel, problems like network congestion, higher bandwidth

consumption, and increased server load rnay arise mainly due to increased number of
web users and also due to transfel of huge files. To address such problelns, we

measure the perforrnance of the system as the ratio of summation of elapse time of
requests from source to destination(destination may be either a cache or the origin

server) to the summation of f,rle size of requests transferred, i.e. the mean time to

tlansfer one Mb of data from source to destination.

7"2 Results from Optimization Models

A series of optimizations were run to determine the capacity and location of caches

and the budget that would be suitable for ISP's network. All the optimizations were

run using the MINLP solver provided by NEOS server; described in Appendix A.

Tlris section describes optimization results for both variable and f,rxed cache capacity

models. Two hundred optimizations were run for both models. Optimizations and

simulations were performed varying Q values (the upper and lower bounds of the

objective function are weighted by the value of Q and. (t-Q) respectively. Increasing

the value of Q increases the weight on uppeï bound and decreasing the value of p
increases the weight on the lower bound) and budget (as in Chapter 5 table 5.2). The
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values of p were ranging from 0 to I in steps of 0.1 and budget was chosen from $0

to $100000 in steps of 55000.

Figure 7.1 represents the graph for f,rxed cache capacities, we used a fixed cache

capacity of 30 Mbps each costing $30*slope (Slope:159.i4, described in Section

5.2.4). The x-axis of the hgure represents the budget in US dollars and the value of
the y-axis represents the mean time to transfer 1 Mb of data in the network. Table D.4

contains the values represented in f,rgure 7.I.Table D.5 contains the cache locations

(Table 8.2 represents the node ID corresponding to the figure 4.1) and the number of
caches at each location.
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Figure 7.1: Optimization Results for Fixed Cache Capacity Model

From optimization results we observe the location of caches and the number of
caches placed at each node of the network weïe same for Q value ranging from 0 to L
In figure '7 .7, we obset've the curves have same pattem for Q values ranging fiom 0 to

1' We also observe that increasing the budget decreases the objective function value,

however increasing the budget greater than $60,000 has little effect on mean time to

transfer one Mb of data. Hence we conclude that in fixed cache capacity model, the
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weights (i.e. Q values) on the upper and lower bound effect mean time to transfers

one Mb of data from source to destination but does not effect the location of the

caches and numbel of caches placed at each node in the network. Maximum

performance is obtained at the point where the curves are flattened or straight as seen

in figure 7.1(The curves are flattened after it reaches a budget of around $60K).

Figure 7.2 represents the optimization results for the variable cache capacity model

(explained in detail in chapter 5). X-axis in the graph represents the budget in USD

and y-axis represents mean time to transfer one Mb of data from source to destination

in a network. From curves in figure 7.2, we observe that increasing the budget

decteases the objective function and the curves flatten as the budget is increased

beyond $60K as in fixed cache capacity model. Some points on the curve, like at x-

axis 45000 and Q value of 0.9, we observe that the objective value is greater than

objective value at Q value of 1. This was because optimizer could not solve the

objective function for minimal optirnal solutions for Q value of 0.9 and budget of
$45000.
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We performed a diagnostic test, to test if the solution obtained by the optimization

solver was minimal optimal solution. Equations 7.1.1 through7.I.4 were used to test

if the solution obtained from the solver were optimal solutions. f¡¡ andl represents

tlre lower and upper bounds of the objective function respectively and x¡ and x1

represents the values of the variables in the objective function for 2 different points

on the same budget but having different p values. All the equations will be satisfied if
x6 aîd x ¡ àîa optimal with respect to f¡¡ and f I .

fo(x})<fo(xl)

f(xr)<f(x})

fo(x})<f(x})

fo(xl)< f(xI)
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We tested the results obtained by solver by solving for different outputs of lower and

upper bound functions of the objective function separately. For example we ran the

optirnization for variable cache capacity model with Q:0.9 and Q:0.4 for a budget of

$45000. Results of objective function value and values of all the variables in the

optimization problem were collected. Values of the variables obtained for Q:0.9 and

8:0.4 for a budget of $45000 were substituted in equations 7.1.1 through equation

7 .t.4.

Equation 7 .l.l represents that the lower bound function value(obtained by

substituting the values of the lower bound function variables collected by solving the

optimization problem for Q:0.4 and budget: $45000 into the lower bound functio¡)

of the first set should be less than or equal to lower bound function value(obtained by

substituting the values of the lower bound function variables collected by solving the

optimization problem for Q:0.9 and budget: $45000 into the lower bound function)

ofthe second set.

86

Equation 7.1.1

Equation7.l.2

Equation 7.i.3

Equation7.l.4



Equation 7 .1.2 represents that upper bound function value(obtained by substituting

the values of the upper bound function variables collected by solving the optimization

problem for Q:0.9 and budget: S45000 into the upper bound function) of the first set

should be less than or equal to the upper bound function value(obtained by

substituting the values of the lower bound variables collected by solving the

optimization problem for Q:9.4 and budget: $45000 into the upper bound function)

ofthe second set.

Equation 7.1.3 represents that lower bound function value(obtained by substituting

the values of the lower bound function variables collected by solving the optimization

problem for Q:0.4 and budget: $45000 into the lower bound function) of the f,rrst set

should be less than or equal to the upper bound function value(obtained by

substituting the values of the lower bound variables collected by solving the

optimization problern for Q:0.4 and budget: $45000 into the lower bound function)

ofthe second set.

Equation 7.1.4 represents that lower bound function value(obtained by substituting

the values of the upper bound function variables collected by solving the optimization

problem for Q:0.9 and budget: $45000 into the lower bound function) of the first set

should be less than or equal to the upper bound function value(obtained by

substituting the values of the upper bound variables collected by solving the

optimization problem for Q:0.9 and budget: $45000 into the uppeï bound function)

ofthe second set.

if all the above equations were satisf,red, the solutions obtained were optimal

solutions. 'We found that some points on the curve were not optimal solutions. The

results obtained fi'om the solvel were tested for optimal solutions; we found that some

of tlre solutions were not optimal, so we re-ran this optirnization by changing the

budget slightly. Example: For Q:0.9 and budget of $45000, the solution obtained

from the optimizer was not optimal, so we changed the budget sliglit by $45000.01

and re-ran the optirnization to solve the problem for optimal solution.
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Figure 7.3 replesent the optimization results for variable cache capacity model

obtained by testing and re-running (re-r'an all the optimization which did not have

optimal solution by changing the budget slightly as mention above) some of the

optimizations of figure 7 .2. Table D.1 contains the values of figure 7 .3. Table D.2

contains the cache locations (Table 8.2 represents the node ID corresponding to the

figule 4.1) and Table D.3 contains the cache capacity corresponding to the cache

location in Table D.2
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capacity model
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7.3 Results from Simulation Models

A series of simulations were run to obtain more accurate performance measures as a

function of the location and capacity of the caches. All the simulations were run using

NS-2, NS-2 is explained in details in Appendix B. This section desclibes simulation

results for both variable and fixed cache capacity models. The simulation model takes

as input the location of the caches and cache capacities from the optimization model.

Twenty simulations were run for fixed and two hundred simulations were run for

variable cache capacity models.
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Figure 7.4 represents simulation results for fixed cache capacity. From optimization

results we observed that for each value of the budget the location and number of

caches were the same for each value of p. Hence we ran only one simulation for each

value of the budget as shown in figure 7.4.Table D.7 contains the data for figure 7.4.

Simulation results for fixed cache capacity model

(!
(õ

o
-o
E
Lo
Ø

E

o
o
E

(ú
6)
E

3.508+00

3.00E+00

2.50Ë+00

2.00E+00

1.50E+00

1.00E+00

5.00E-01

0.008+00

Chapter 7: Results

Figure 7.4: Simulation Results for Fixed Cache Capacity Model

From figure 7.4 we observe the curve starts flattening from around $60,000, any

increase in the budget beyond $60,000 does not decrease the mean time to transfer

one Mb of data from source to destination. By investing a budget of around $60,000,

the network can reduce the mean time to transfer one Mb of data from 2.910316

seconds to 0.83 seconds.
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Figure 7.5 represents simulation results for variable cache capacity model. We ran the

simulation for different location and number of caches obtained from the

optimization. Table D.6 represents values of figure 7.4.
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Simulation results for variable cache capacity
model
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Figure 7.5: Simulation Results for Variable Cache Capacity Model

Figure 7.6 represents the best performance curve obtained by taking the lowel curve

(this curve is obtained by plotting a graph that passed through or closer to a maximum

number of points in the figure 7.5.) of figure 7.5. We observe from figure 7.5 thatthe

curves are not very smooth, this is because the optimization results were not minimal

optimal in all cases due to its non-linearity nature. We considered only 10 values

rather fhan 20 values as in all other figures for simplicity.
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From figure 7.6 we observe the curve starts flattening frorn around $60,000, any

inclease in the budget beyond $60,000 does not decrease the mean time to transfer

one Mb of data from soulce to destination. By investing a budget of around $60,000,

the network can reduce the mean time to transfer one Mb of data from 2.91 seconds to

0.83 seconds.

On observing that simulation results obtained fi'om both the models, fixed cache

capacity model and variable cache capacity model, we conclude that around $60K is a

ideal amount to invest for an ISP's network.

The results from the optimization vary frorn that of the simulation models slightly.

We observe that in simulation model the mean time to transfer one Mb of data

reduces from 2.91 seconds to 0.83 seconds for a budget of $60,000, where as in the

optimization model we observe that the mean time to transfer one Mb of data reduces

from 1 second to 0.7 seconds for a budget of $60,000. This difference in magnitude is

because simulation model can consider other details like delays in the network. In all

the cases we observe that a good amount to invest in order to improve the

performance in an ISP was around $60,000.

7.4 Error Estimation

Chapter 7: Results

In both fixed and variable cache capacity model we considered cache location and

capacity values for budget ranging from 0 to 90000 in steps of 10000. Hence we

have only 10 values for each trace file. In each case we collected 5 different traces,

each having 10000 requests from the ISP's log files. 'We ran 5 instances of each

simulation using five different traces in order to estimate the rnagnitude of the error

due to variation in the trace.

Figure 7.7 rcpresents the error bars for variable cache capacity. Each dot on the graph

represents the average over the 5 traces of the mean time to transfer 1 Mb of data. The

error bars correspond to an interval one standard deviation above and below the
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average observed (standard deviation is i6sec above and -6sec below as in figure

7.7).
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Figure 7.7: Error Bars for Variable Cache Capacity model

Figure 7.8 represents the results with error bars fol fixed cache capacity. We

observed that in both the models the standard deviation is around +6.0 above and -6.0

sec below the average to transfer I Mb of data.

Chapter 7: Results
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Figure 7.8: Error Bars for Fixed Cache Capacity model
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We observe deviation is quite high in both cases; the reason for this variation is

because the log files used to estimate error in our model were collected for a period of

8 hour, we considered 10,000 requests at random from the log files. Since the number

of requests that we used in our simulations were relatively small compared to the

complete log file, there may be variation in our estimation. The other reason may be

due to varying network traffic during some hours of a day, for example the number of

people accessing the internet may be less between 12 PM and 1 PM of a working day.

Increasing the number of request may reduce the variation; since simulations are time

consuming we considered only 10,000 requests.

The mean time to transfer 1 Mb of data would be a varying factor; it does not affect

our budget estimations drastically as the mean time gets flatten after we reach a

cettain budget. We are more intelested in the budget; an ISP provider would invest

for their network then the mean time.

Chapter 7: Results

7.5 Discussions

From the optimization (figure 7 .l and 7.3) and simulation (figure 7 .4 and 7.6) results

we observe that for budgets greater than $60,000, time to transfer 1Mb of data almost

remains the same and any increase in the cache capacities or the budget would not

improve the performance of the system. Hence we conclude that the ideal amount to

be invested for the exiting regional ISP is around $60000. Any inclease in cache

capacity may not improve the network performance.

All the results presented here are based on the cost of cache capacities. The cost

estimation may vary depending on the changes in cache capacity cost, but all the

other estimation such as size of the cache and the location of the caches are still valid

and can be applied to ISP's. our models can be applied to any other network, by

ploviding network topology, budget, cost of one Mb of cache capacity and traffic on

the link.
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I Conclusions

In this chapter, we summaúze the contributions of this thesis and discuss possible

future work. This thesis, ptesents a mathematical rnodel and a simulation model for

efficiently placing caches in the network within the available budget. This is one of

the most important factors in the real-world scenario, where sorne ISPs may have

limited budgets while others may have rnore. However, one of the goals of all ISPs is

to reduce the overall average response time for clients' requests, within the allocated

budget, which is the goal of our thesis.

Our models not only help in attaining the maximum performance within the given

budget, but also help in predicting the need for upgrading the network. This thesis has

solved the cache location problem for Sasktel telecommunication for a given budget.

The results showed that a budget of around $60,000 is ideal investment for the

existing network. However the rnodels presented here are based on the cost of cache

capacities estimations available. All the other estimation such as size of the cache and

the location of the caches are still valid and can be applied to ISP.

Our models presented in this thesis can be applied to any other network, provided we

have information on network topology, target budget, cost of one Mb of cache

capacity and traffic on the links.

8.1 Contributions

The contributions of the thesis are as follows:

1. A survey of web caching technology was performed; we provided details of

cache architecture, cache routing, cache prefetching, cache replacement, cache

cohetence, cache placement, cache resource allocation, cache scalability and

cacheability of web objects.

2. The workload characteristics of an ISP's network trafhc have been examined.

8: Conclusion
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J. We performed analysis of trace files to get the curent network traffic

characteristics and traffic estimates for the future. We also performed studies

to estimate the cost of web cache capacities.

We developed a mathematical model, to solve the cache location problem for

a Regional ISP. The mathematical models were developed for fixed cache

capacities and variables cache capacities. Both models developed, showed that

under out current cost assumption the required budget for the existing Sasktel

network was around $60,000(USD)

We developed a simulation model to validate the mathematical model, used to

solve the cache location problem for a Regional ISP. The simulation models

were developed for fixed cache capacities and variable cache capacities. The

required budget estimate of $60K (USD) from the optimization was validated.

Most of the optimization problems related to cache locations are NP-hard

(nondeterministic polynomial time). This is the reason that most of the

algorithms developed to solve these problems are based on heuristics. In this

thesis we have discussed how a combination of simulation and Mixed Integer

Non-Linear Programming can be used to solve the Cache Location Problem.

We considered a small network; hence we did not require heuristics.

4.

5.

6.

8: Conclusion

8.2 Recommendation for Future Work

A primary objective in this line of study will be to obtain the maximum performance

with the given budget. Caches are and will be future basis for better network

performance at reasonable cost because they are effective way to reduce network

workload.

The following issues can be studied for future:

1. This thesis is focused only on a regional ISP; in future we would like to

extend to larger ISPs.

2. The optimization model defined in this thesis for both the cases fixed cache

capacity and variable cache capacities, does not consider the TCP slow start

plocess. In the future we would like to consider this issue.
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3. The number of caches required and their location was estimated only for the

existing year. We could extend the problem to solve for a period of over 5 or

10 years.

4. Other interesting directions for further research include the extension of the

model to multicast traffic and wireless traffic.

We did not consider the movenent of caches. At a later stage, we also plan on

including some cost ($) function for moving caches from one node to another.

Other factors such as interaction between caches and the effect of changing

network bandwidth could also be addressed in order to achieve better

performance. These factors are very important in real-world circumstances.

we could extend our study to include various factor such as changing the

network topology and parameters like bandwidth.

hi this thesis we were interested in Static cache location, but techniques like

the ones used in active networks and the continued process of memory cost

reduction may lead to a scenario in which caches can be dynamically moved

in the network. This will require local distributed techniques to deal with the

dynamic optimal cache location problem. Dynamic optimal cache location

refers to the problem of determining the set of web cache for the placement of
a document. For the dynamic case, two sub-optimal algor.ithms can give

results close to the optimal cache placement: a) Dynamic First Fit (DFF); b)

Minimum Weight Perfect Match (MWPM) [GHOSO4] IKRISOO].

In this thesis, we assumed propagation delay to be small, (This assumption

was done after comparing the results of simulations with and without

propagation delay) and hence was not considered in our simulation models.

However propagation delays can reduce the throughput to some extent for

larger networks. In our future experiments we woutd like to introduce

propagation delays into our simulation models.

5.

6.

8: Conclusion

7.
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A. Optimization Languages and Software

4.1 NEOS Server

The Network Enabled optimization System CIEOS) Server introduces a novel

approach for solving optimization problerns. The NEOS project was launched by

Argonne National Laboratory and Northwestern University in late i994. Optimization

solvers supported by NEOS represent the state-of-the-art in optimization software.

Optimization problems are solved automatically with minimal input from the user.

Users only need a definition of the optimization problem; all additional information

required by the optimization solver is determined automatically lCZYZgTl INEOS].

Users of the NEOS Server submit a problem and their choice of optimization solver

over the Internet using a JAVA submission tool, e-mail submission or web interface

fFERRgsl lCZYZeTl.

4.2 AMPL

Appendix A

A Mathematical Programming Language (AMPL) [FOUR02] is an algebraic

modeling language. It was designed and implemented around 1985. AMPL is notable

for the similality of its arithmetic expression to customary algebraic notation, and for

the generality and power of its set and subscripting expression; it is also extended to

express structures such as network flow constraints and piecewise linearity's.

4.3 MINLP

Mixed Integer Nonlinear Programming (MINLP) refers to mathematical

programming with continuous and discrete variables and nonlinearities in the

objective function and constraints. The use of MINLP is a natural approach of
formulating problems where it is necessary to simultaneously optimize the system

structure (discrete) and parameters (continuous).

The general form of a MINLP is

Minimize f(x, y)
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The functionf(x, y) is a nonlinear objective function and g(x, y) a nonlinear constraint

function. The variables ¿ y are the decision variables, where y is required to be

integer value. X and I'are bounding-box-type restrictions on the variables. In our

optimization problern we formulated the problem, objective function is non-linear and

all constrains are linear lLEYF99l.

The NEOS Server offers Mixed Integer Non-Linear Programming (MINLP) solver

for the solution of rnixed integer nonlinearly constrained optirnization problems in

AMPL format. MINLP solver for NEOS server was developed by Roger Fletcher,

and Sven Leyffer [NEOS]. MINLP is suitable for large nonlinearly constrained

problems with a modest number of degrees of freedom [LEYF99].

MINLP implements a branch-and-bound algorithm searching a tree whose nodes

correspond to continuous nonlinearly constrained optimization problems. The

continuous problems ale solved using filterSQP, a Sequential Quadratic Programming

solver which is suitable for solving large nonlinearly constrained problems.

Subject to g(x, y) <: 0

xeX
yeY
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ts. Simulation tool and Trace File Formats

8.1 l\S-2 Overview

University of Southern California information Sciences institute developed Network

Simulator (NS-2) in 1989. This software is freely available, with full source code

wlitten in C++ and accessed using OTCL (Object oriented Tool Command Language,

an interpreter language.). The objects written in OTCL can instantiate objects and call

them from ç++ code. NS is a discrete event simulator targeted at networking

research. Ns provides suppofi for sirnulation of Transmission Control Protocol (TCP),

User Datagram Protocol (UDP), IP (lnternet Protocol) routing, and multicast

protocols over wired and wireless (local and satellite) networks [NS2]. NS-2 has a

network animator (narn), used to view network topology and animated movement of

traffic flow for a period of time

8.2 Modifications to l.{S-2

NS-2 provides with flexibility of changing the functionality of the any layer in the

layer model (TCP/iP architecture or the ISO-OSI architecture). NS-2 was attractive

because of its well defined HTTP and web caches classes. But we needed to make

some modifications to the actual methods because of its undesirable nature. The trace

f,rle HTTP format was modified fi'om two file format to one file format (details can be

see in F'JS-2] NS-2 documentation on PagePool). Other modification that has been

done was, we change the packets size in TCP Layer from 1500 to 1000 bytes.

Appendix B

8.3 Input and Output Trace File Formats

'We 
used trace driven simulations model. The model needs three files to run the

simulation, cache file, topology file and trace file as it inputs and output's a log file.

This Section describes about the trace file formats used in the simulations.
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8.3.1 Cache File

Cache file is used to specify which node in the topology has cache. The format for

cache file is show below:

[Node numberJ [Cache sizeJ

Where: Node number is the numbel of the node in the topology

Cache size is the size of the cache in bytes.

8.3.2 Topology File

Topology f,rle is used to specify the topology of the network to be simulated i.e. the

nodes that are connected and link bandwidth. The format for topology file is shown

below:

[Source nodeJ [Destination nodeJ [BandwidthJ [DelayJ [Buffer sizeJ

Where: Source node is the node numbel of one of the nodes on the duplex link

Destination node is the node number of the node at other end of a duplex link

Bandwidth is the bandwidth in b¡es per second of the link between the source

and destination node.

Delay is the propagation delay incurred for a packet to traverse the link

between the source and destination node.

Buffer size is the size of the buffer in bytes on the link between the source and

destination node. If this buffer becomes full, packets will be dropped.

If the source and destination are the same on each row of the file, this def,rnes the

properlies of the link to the server or cache server which is attached to the node

lsArL03l.

Appendix B

8.3.3 Trace File

The trace file is used to define the list of all events that occur in a time period. The

trace hle is the input file to the simulation model. Basically is a traff,rc generation file.

The format for tlace file is shown below:

[Start tinteJ IURL] [File sizeJ [Source nodeJ [Destination nodeJ

ICacheability]
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Where: Start tirne is the time a request is made by a client node for document in

seconds

URL (Uniform Resource Locator) is the URL address of the document being

requested the client node

File size is the size of the object requested in bytes.

Soulce node is the node numbel associated with the node where the document

was requested.

Destination node is the node nurnber associated with the node from where the

document is requested. The request will be routed to this origin server or

destination node initially, but will be served by any node along the way whose

cache contains the requested object.

Cacheability specifies if the document that is requested is cacheable on any

node, between the source node and destination node, provided there is a cache

on the path.

8.3.4 Output File Format

The output for the simulation is sent store in the output f,rle. Each row of output

corresponds to the cornpletion of one file transfer. The format of output file is shown

below:

[Start tinteJ [End tinteJ [Document idJ [Document sizeJ [Server nodeJ [Client

nodeJ

Where: Start time is the time in seconds when the request originates at a client node

End time is the time in seconds when the file transfer completes

Document id is the id of the document requested by the client node

Document size is the size in bytes of the requested document transferred

Server node is the number of the node from where the document was served;

it may be either from a server or from a cache.

Client node is the number of the node where the request originated.
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8.3.5 Delay Calculation

Table 8.1 represents the link between two nodes (refeming to figule 1.1) their

distances in kilorneters and plopagation delay in seconds.

Places
P-P1

P-P2
P-P3

Distance in Km

P-P4

227.99

S-S 1

374.32s

S-S2

462.553

S-S3

331.499

S-P

t41.841

P-I

r39.s87

Table 8.1 Delay calculation based on distances

Delav in Sec

273.0s6

113.99*10-'

Appendix B

261.626

181.162+t}'',
231.27',7*10-'

Places

165.7 4* l0-'

RI

70.9+ 10-'

R2

69.79+r0-'

Node ID

R3

136.528* 1O-',

R4

1

130.8* 1O-',

2

SI

3* 10

S2

a
J

S3

4

5

R
I

6

7

Table 8.2: Place and Corresponding Node ID

9

8
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C. Definitions

Document: Request /page
Note: In this report we used page, request, document
interchangeably.

Cache Capacity: Maximum throughput that can be achieved by a cache in Mbps

in optirnization models and Mbps in simulation models

Hit percentage: Percentage of documents that are directly served from the web

cache instead of going to original server.

Miss percentage: Percentage of documents that were not served from the web

caches, but are served from original servers.

Optimization: Selection of a better or best alternative among a number of

possible states or affairs, usually the maximization or

minimization of a function that depends on the objective of the

system the objective function.

Throughput: Nurnber of bytes of data transferred for 1 sec (simulation

model) or number of Mb (Mega bits) transferred in one sec

from source to destination (optimizafion model)

Appendix C
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D. Optimization and Simulation Tables

D.l Optimization Output Values for Variable Cache Capacify Model

Cost
vs. Q
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0
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1 5000

0

0.9822

20000

I

25000

0.9619
0.9391

30000
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0.1
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35000

0.9838

40000

0.90'12

0.9631

0.8728

45000

0.9397

1.0054

0.2

0.8363

50000

0.9212

0.9864

0.8174

55000

0.9006

0.9638

0.7983

60000

0.9432

0.862

1.0082

0.3

0.7873

65000

0.8367

0.9256
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0.7637

70000

0.8166

0.9001

0.964'1

0.7121

75000

0.8021

0.8688

0.945'l

0.4

0.7082

80000

0.7918

0.8359

0.9193

1.01
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0.9887

0.7059

85000

0.7525

0.8226

0.9026

0.9641

0.7045

90000

0.7118

0.7962

0.8662

0.9433

1.0125

0.7036

0.5

95000

0.7078

0.7835

0.8443

0.9904

0.7031

0.927

0.7069

0.8142

0.8985

0.748

0.9656

0.7033

0.7134

0.8009

0.8793

0.707

0.9434

0.7029

0.7051

0.6

0.7953

1.015

0 8341

0.708
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0.7038

0.7072

0 992

Cost
vs. Q
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Table D.l: Optimtzationvalues of variable cache capacity model
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Table D.2: Location of the cache for variable cache capacity model
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Table D.3: Capacity of the caches at locations described in Table D.2

D.2 Optimization Output Values for Fixed Cache Capacity Model

88.1 0,
1 08.1
6,337.
7

307.6
25,
289.1
h

80.56,
98.48.
79,33
7.7

129.3
7,124
61,15
6.65,1
86.1 8
7

Gost
vs. Q

267.7
8,297.

74.92,
71 .87 ,

112.4
08,33
7.7

337.7

101.8
9,94.3
7,337.
7

102.5
8,125.
17,33
7.7

5000
0

1 0000

0.3042

Appendix D

15000

92.33,
103.9
6,337.
7

0

0.2868

20000

'103.1

7,124.
5'1,33
7.7

286.0,
3'10.8
1

0.2692

25000

0.2518

30000

0.3752

45.77,
60.83,
89.70,
337.7

105.4
2,153.
73,33
7.7

0.1

35000

1 03.1
8,124.
52,33
7.7

0.3569

0.235
0.2201

40000

0.3399

0.2033

45000

0.3216

0.4463 0.5174

103.0
5,1 56.
03,33
7.7

0.2

0.1 468

50000

0.3047

247.5
2.286.
45

0.427

0.1294

196 8
55,28
2.61

55000

0.2898

0.4095

59.75,
78.15,
121.1
98,33
7.7

0.1126

60000

0.2728

0.3915

0.3

0.1 097

65000

196.2
6,337.
7

0.2165

0.3743

0.4971

267.7
9,297.
6

0.0858

70000

0.1 9BB

0.3595

0.4797

0.0173

75000

0.1 81 I

0.3423

0.4614

117 .7
7,141
36,33
7.7

0.5876
o.4

80000

0.0096

0.1702

0.2862

0.5672

0.444

85000

0.0098 0.0766

227.6
7,337.
7

0.1672

0.2682

0.4291

0.5496

0.0065

90000

0.0863

0.4117

0.5313

0.251

0.6584

95000

0.0061

0.5

0.0793

0.2393

0.3559

0.5136

0.6374

286.3
10.8

0.2366

0.006

0.3376

0.4988

0.6194

0.0059

0.0766

0.1 553

0.3202

0.4812

0.60'11

0.7293

0.0058

0.0762

259.0
8,337.
7

0.6

0.1491

0.3084

0.4685

0.5832

0.7075

0.0761

0.1474

0.5685

0.293

Table D.4: Optimization values for fixed cache capacity model
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The f,rrst value in Table D.5 represents cache location and the second

number of caches aÍ.that location. For example 1-1, represents that 1
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Table D.5: Location of cache and number of caches for fixed cache capacity

model

D.3 Simulation Output Values for Variable Cache Capacity Model
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Table D.6: Simulation values of fixed cache capacify model
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D.4 Simulation Output Values for Fixed Cache Capacity Model

2.0781

2.1328

2.9103

0.83

0.3

0.8233

0.8295

0.8849

1.4137

0.9'138

2.0291

2.4341

0.8295

1.0248

0.7888

'1.8306

1.5977

0.83

0.8295

0.8298

0.8233

0.7412

1.3644

2.9103

1.8306

0.2

0.8233

0.8297

0.8235

0.6392

1.4881

1.8056

0.8247

0.8298

0.7888

2.51

1.4863

1.8306

1.8306

0.8233

0.8247

0.7888

1.7887

1.7131

1.4863

0.8233

0.8233

0.7888

1.7652

2.0026

1.4863

0.8233

0.8233

0.7746

2.0026

1.7887

0.8233

0.8233

0.8298

1.7398

1.4137

0.8233

0.8714

0.8235

1 .1 505

2.0781

0.8233

1.0248

1.0515

2.0026

0.8233

1.0248

0.8235

1.0246

0.8233

0.8233

0.7908

Budqet

1.0246

0.8233

0.8235

1.0246

Time to
transfer
1Mb

0.8298

0.8852

0.83

0.8298

5000

0

0.854

0.83

I 0000

0.8233

2.91 0316

0.83

1 5000

0.6603

20000

2.561475

083
0.858S

0.7109

2.385829

0.8233

2.257801

0.8233

2.078146

0.8233
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25000
30000
35000
40000

1.713112

45000

1.467267

50000

1.27811
1.265139

55000
60000

1.088095
1.023571

65000

1.011431

70000

Table D.7: Simulation values for fixed cache capacity model

0.830027

75000

0.830027

80000

0.830027

85000

0.830027

90000

0.830027

95000

Appendix D

0.830027
0.830027
0.830027
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