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Abstract

Clustering is a technique for extending the capacity of web-servers by

sharing the work over multiple machines that share the same external

address. Many different strategies are possible for distributing the

requests among the cluster members; however, finding a strategy that

works well over a wide range of load distributions and network

configurations is difficult. Recent research has used real traffic traces,

wide-area testbeds or small-scale labs to compare the performance of

different architectures and load distribution algorithms. In practice,

however, these methods are time and resource consuming. In this

thesis, we present an efficient and inexpensive framework to study Web

clustering technologies via simulation models that are based upon stress

tests on real servers. The method is then applied to compare the

performance of two server architectures and five load-balancing

algorithms. Our results show that clustered servers can achieve

performance levels comparable to a high-end computer but at lower

costs and maximum resource efficiency. For the types of traffic

considered, simple load balancing algorithms in a “switch” architecture,

in which replies are sent directly to clients rather than through the load

balancer, achieve the best performance in both response time and load

balancing. The top performing scheduling algorithm is the Least-

Connection scheme in which the load balancing decision is based on the

number of active connections.
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Chapter 1

Introduction

In this era of high technology, an incredible number of Web sites are added to the Internet

everyday. As some of these sites become popular, they sometimes experience exponential

growth in traffic, which soon exceeds the capacity of any single-server architecture. Not

properly handled, this growth can lead to frustrated and dissatisfied users unable to access a

site. As a result, service providers have no alternative but to use either large multiprocessor or

distributed network servers in order to achieve a reasonable quality of service. The problems

experienced by the single server can be solved by migrating the software to a faster, more

powerful machine. While this tactic relieves short-term pressures, the upgrading process is

complex, and the original machine may be wasted. Many companies facing similar situations find

that they must continuously upgrade the servers in order to keep up with the service demand.

Furthermore, the server is a single point of failure. “The only viable long term solution would

embody some form of load distribution across a multi-server configuration.” [Katz 1994]
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A new architecture using clusters of workstations interconnected by a high-performance

network is emerging and presents a promising solution for building a high-performance and

highly available server. Clusters are well suited to Internet service workloads, as they are highly

parallel (many independent simultaneous users). Figure 1.1 presents a typical architecture for a

cluster of workstations. Each node is a full-blown workstation or PC, with a processor, multiple

levels of caches, main memory, a disk and a network interface. All nodes in the cluster store the

same documents or have access to data stored on any disk via a distributed file system. The

nodes are interconnected by a high-performance network (such as 100Mbps or Gigabit

Ethernet). The network can also connect the nodes  to a bridge or router that links the cluster to

the Internet depending on the architectures chosen. The Web cluster is publicized with one URL

and one Virtual IP address (VIP). This last parameter is the IP address of a centralized load

balancer with full control over client requests. The load balancer receives all inbound packets

for the VIP address and distributes them among the Web servers based on factors like

capacity, availability, response time, current load, historical performance, and administrative

weights. This type of loosely coupled architecture is more scalable, more cost-effective and

more reliable than the single processor system or the tightly coupled multiprocessor system.

Clustering enables transparent growth. In other words, physical servers can be added without

externally-visible network changes. Clustering also improves fault-tolerance, i.e. a physical

server can be taken down for maintenance or repair without resulting in a service outage.



Chapter 1.     Introduction 3

Server 1

Server 2

Server 3

Server N

...10
0 

M
b

p
s 

o
r 

G
ig

ab
it

 E
th

er
ne

t

Load Balancer

In
te

rn
et

Router

Client

Client

Client

...

Figure 1.1 Illustration of clustered servers

Server load balancers have become critical infrastructure components for ensuring optimal

performance of large Internet or intranet sites and a variety of clustering technologies are now

commercially available. However, to our knowledge, no full-range head-to-head comparison of

server clustering techniques has ever been made publically available. Most vendors develop

their own testing tools to simulate large number of Web users, and most performance tests seem

to be done by vendors themselves, with little independent verification. Performance

comparisons are difficult due to this lack of standardization of testing tools.

1.1 Thesis Goals

In this thesis, we compare the performances of different clustering technologies through

simulation in the ns2 [Fall 2002] software environment . The simulation repeats real-world

experiments and explores possible architectures to be used in the future. Floyd illustrated

“Internet simulations are most useful as a tool for building understanding of dynamic, or to

illustrate a point, or to explore for unexpected behavior.” [Floyd 2001]

In this study, we will first stress-test a physical Web-server using SURGE (Scalable URL

Reference Generator), a load generator that runs on client workstations and which synthetically

generates loads that follow the distributional characteristics of the Web traffic. Simulation
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models that describe the request/response process of the server will then be developed from the

stress-test experiments and the resulting simulations compared with the original measurements

for a “reality check”. The server models will then be integrated into the simulation system to

mimic different networking environments. Two clustering architectures and five scheduling

algorithms will be tested in this manner.

Through a series of simulations in clusters of  2, 4, and 8 servers, we wish to determine the

architecture handling more throughputs in a shorter response time, the scheduling algorithms with

the lowest response time, and most importantly, the algorithms with the best load balancing.

Also we want to study the impact of some important parameters in the implementations of the

scheduling algorithms, such as network bandwidth and the interval for polling the servers or

monitoring their behavior.

1.2 Summary of Contributions

We view our contributions as follows:

• The creation of  server processing models under ns2 that are verified by stress tests on

a real web-server running Apache 1.3.12.

• To model CPU time costs as both a delay and a use of resources.

• To develop an independent simulation tool to test clustered Web servers with

consideration of the characteristics of Web workloads.

• To show that measurement in terms of the percentage of objects served is a better

indication of load balancing than that of bytes transferred.

• To provide an efficient and inexpensive framework for comparison and evaluation of

different architectures and scheduling algorithms for clustering Web servers.

1.3 Thesis Outline

Chapter 2 gives a background overview of Open Systems Interconnection (OSI) Reference

Model, TCP/IP network model, Hypertext Transfer protocol (HTTP)  and of existing clustered
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server architectures and algorithms. A description of the characteristics of Web workload and

of the Web Server testing tool, SURGE, is presented in Chapter 3. Chapter 4 describes the

stress tests on a Linux server. The results are used to build server processing models in

simulation. These server models are then integrated into a simulation system and validated by

comparing the simulated results and measurements from SURGE. In Chapter 5, the simulations

of  clustered server architectures will be described in detail as well as comparisons on the

experimental results. Chapter 6 concludes the paper with some suggestions for future work.



Chapter 2

Techniques for Scalable Web Server

Clustering

This chapter provides background information on current methods for building scalable

web-servers via clustering. The chapter begins with an overview of  the Open Systems

Interconnection (OSI) Reference Model and the Hypertext Transfer Protocol (HTTP),

which form the basis for our simulations. A detailed summary of clustering schemes for

web-servers follows this overview along with a review of the associated scheduling

algorithms.

2.1 OSI Reference Model and TCP/IP Network Model
The OSI Reference Model [Tanenbaum 1996] is based on a proposal developed by the

International Standards Organization (ISO), and  defines seven network layers, each one

built upon its predecessor: (Figure 2.1)
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Figure 2.1Network architecture based on the OSI reference model

1. The physical layer is concerned with transmitting raw bits via a communication

channel. In this layer, the standard includes the coding and modulation schemes

that are used to represent the actual 1s and 0s, as well as low-level  details such as

the types of connectors.

2. The data link layer defines the format of data on the network. The sender breaks

the input data up into data frames. A network data frame, also known as packet,

includes a checksum, source and destination address, and data. The largest packet

that can be sent through a data link layer defines the Maximum Transmission Unit

(MTU): it is a fixed upper bound on the amount of data that can be transferred in
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one physical frame. Similarly, the network interface MTU determines the packet

size limit in the Internet. The data link layer uses a network interface to handle the

physical and logical connections to the packet’s destination. Our testing network

environment is Ethernet LAN. Ethernet networks are used extensively in technical

and office environments. A host connected to an Ethernet has an Ethernet

interface to handle connections to the outside world, and a  loopback interface to

send packets to itself. Ethernet has a maximum frame payload of 1500 bytes, so

the biggest MTU that can possibly be used on an Ethernet is 1500 bytes. The

minimum allowable MTU setting is 576 bytes and an intermediate MTU is about

1000 bytes. The intermediate MTU is used in this study. An Ethernet host is

uniquely addressed by its Media Access Control (MAC) address. MAC addresses

are usually represented as six colon-separated pairs of hex digitals. This number is

unique and is associated with a particular Ethernet device. The data link layer’s

protocol-specific header specifies the MAC address of the packet’s source and

destination.

3. The network layer provides for the transfer of data between two hosts. This layer

is responsible for the establishment, maintenance and termination of the

connection between two hosts across any intervening communication facilities.

This layer also manages addressing, routing and bottleneck prevention. The

Internet Protocol (IP) [Freeman 1995] is commonly used as a network layer

interface. The Internet Protocol identifies each host with a 32-bit IP address. IP

addresses are written as four dot-separated decimal number between 0 and 255,

e.g., 192.168.0.1. Even though IP packets are addressed using IP addresses,

hardware (MAC) addresses must be used to actually transport data from one host

to another. The Address Resolution Protocol (ARP) is used to map the IP address

to its hardware address.

4. The basic function of the transport layer, is to accept data from the session layer,

split it up into smaller units if needed, pass these units to the network layer, and

ensure that all pieces arrive correctly at the other end. Another task is to hide all



Chapter 2.    Techniques for Scalable Web Server Clustering 9

the network dependent characteristics from the three layers above it – especially to

isolate the session layer from the hardware technology.  The two prevalent

transport layer protocols used in the Internet are the Transmission Control

Protocol (TCP) [Postel 1981] and the User Datagram Protocol (UDP) [Postel

1980]. TCP is fairly heavy “connection-oriented” protocol, while UDP is “light-

weight” and connectionless. Additional details on the Internet protocol layers are

given in Section 2.1.1. Reliability and speed are the primary differences between

these two protocols. TCP establishes connections between hosts on the network

through ‘sockets’ which are determined by the IP address and port number. TCP

also keeps track of the packet delivery order as well as the packets that must be

resent. Maintaining this information for each connection makes TCP a state

oriented protocol. This project  is built on TCP. TCP provides for reliable network

transmission. UDP, on the other hand, is stateless and provides a low overhead

transmission service but less error checking. UDP has no ability to perform error

or flow control. This simplicity reduces the overhead and makes UDP faster than

TCP in performance when the network is not congested; however, under

congestion, UDP-based application will most likely result in poor throughput due

to many packet losses.

5. The session layer allows users on different machines to establish sessions

between them. A session is the period of time during which two users remain

logically connected. It might be used to allow a user to log into a remote time-

sharing system or to transfer a file between two machines. One example is the

AppleTalk Data Stream Protocol (ADSP) [Apple Computer 1996] which

guarantees reliable data transfer between two nodes.

6. Unlike all the lower layers that exist solely to move bits reliably from one location

to another, the presentation layer is concerned with the syntax and semantics of

the information transmitted. A typical example of a presentation service is

encoding data in a standard, agreed upon way. Additionally, this layer may

implement text compression techniques or encrypt the data to be transmitted.
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7. The application layer is the highest layer in the OSI reference model. It provides

network services to the end-users. Protocols are provided for functions such as file

transfer, electronic mail and Web browsing.

Although the OSI model is widely used and often cited as the standard in layered

architectures, the TCP/IP protocol has become extremely popular in the industry. TCP/IP

is designed around a simple four-layer scheme and omits some features found in the OSI

model. TCP/IP protocol also combines features from adjacent OSI layers. The four

network layers defined by TCP/IP model are the link layer  which defines the network

hardware and device drives, the network layer  responsible for basic communication,

addressing and routing, the transport layer  establishing communication among

programs on a network and the application layer controlling all end-user applications.

Figure 2.2 shows the network architectures based on the OSI model and TCP/IP protocol

with the unit of information at each TCP/IP layer. For the rest of this Chapter, layers will

refer to OSI model only.

Application Layer

Presentation Layer

Session Layer

Transport Layer

Network Layer

Data Link Layer

Physical Layer

Applications
and

Services
(message)

TCP or UDP
(segment or
datagram)

IP
(datagram)

Data Link
(frame)

Physical Layer
(bit)

Figure 2.2 Network architectures based on the OSI reference model and TCP/IP protocol

2.1.1 The TCP/IP Protocol

The Internet Protocol (IP) is used to route information packets (or datagrams) through a

network and uses addresses carried in the header to specify a packet’s destination. IP is a

connectionless datagram service and known as a best-effort protocol. There is no error

control of data, no retransmissions and no flow control. In the Internet, TCP makes up for
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IP’s lack of reliability through end-to-end confirmation that packets have arrived. TCP is

responsible for breaking up the message into chucks called segments. A TCP header,

attached to each segment, contains one important piece of information: the sequence

number. This number is used upon arrival to ensure the receipt of datagrams in the proper

order.

The IP layer is used to transfer data between hosts. To achieve this goal, the protocol adds

an IP header to the TCP packet and dispatches it to the destination IP address. Upon

arrival, the added header is removed. When no errors are detected, an acknowledgement

message is sent to the originating TCP device. Otherwise, TCP throws away the

datagram. When the originating TCP device fails to receive the acknowledgement within

a certain time period, it resends the datagram. TCP also provides the flow control that

controls the rate at which data are exchanged between two hosts. Flow control involves a

feedback mechanism that informs the source machine of the destination machine’s ability

to keep up with the current flow of data transmission. The IP packet data is forwarded to

the right application using the port number included in the TCP header. Another

important process that IP implements is called fragmentation and reassembly. IP uses a

fragmentation process to split datagrams that are larger than the network can handle into

smaller fragments (less than the MTU). Once a datagram has been fragmented, it will not

be reassembled until it reaches the final destination node. In this way, the higher layer

protocols can send  datagrams of whatever size they prefer.

2.1.2 Overview of HTTP Protocol

The HyperText Transfer Protocol [W3C 2001] or HTTP is a standard method for

transmitting information through the Internet, and is the primary protocol for information

exchange. Typical Web pages consist of  HyperText Markup Language [W3C 2002]

(HTML) text as well as many embedded objects (graphics/video et cetera). These objects

are usually independent of each other and can be retrieved separately. In July 1999, the
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World Wide Web Consortium (W3C) celebrated the arrival of HTTP/1.1 [Fielding 1997;

W3C 1999] as an IETF (The Internet Engineering Task Force) [Force 2002] Draft

Standard. Both HTTP/1.0 [Berners-Lee 1996] and HTTP/1.1 use the TCP protocol  for

data transport. For the purposes of our work, the main difference between HTTP/1.1 and

HTTP/1.0 is the inclusion of persistent connections; more details on this will be presently

shortly.

Figure 2.3 depicts the interaction between HTTP/1.0 clients and servers. In the figure,

short vertical arrows show local delays at either the client or the server. Solid arrows

show mandatory round-trips resulting from packet exchanges. Gray arrows show packets

required by the TCP protocol. These packets do not affect the latency because the receiver

does not have to wait for them before proceeding. On the left of the graphic, RTT stands

for the Round Trip Time required by the HTTP protocol to complete the function stated.

The “Finish (FIN)” signal is used to close a session gracefully. We now present a step-by-

step view of the communications process:

1. The client browser opens a TCP/IP connection with the server, resulting in an

exchange of SYN packets in the initial messages when setting up a data transfer as

part of TCP’s three-way handshake procedure. The client then sends a connection

request (SYN), the server responds (SYN), and the client acknowledges the

response with an ACK flag.

2. The client transmits an HTTP request via a DAT package to the server. The server

reads from its memory or disk, and sends a response message containing the

page’s main body, in the HTML language. The server then closes the connection.
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Figure 2.3 Packet exchanges and round-trip times for HTTP/1.1 [Rubarth-Lay 1996]

3. After parsing the returned HTML document to extract the URLs for embedded

images, the client opens up to a maximum of N connections with the server. At

this point, the client transmits HTTP requests for the inlined images. Parallel

HTTP/1.0 requests could be used to reduce the latency.

4. For each connection, the server responds with the image file it reads from the

disk, and then closes the connections.
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5.  The cycles of request-response (Step 3-4) continue until all of the inlined images

are withdrawn.

Instead of closing the connection in Step 2 and 4 as in HTTP/1.0, HTTP/1.1 leaves the

TCP connection open between consecutive request/response operations. This “persistent-

connections” allows the retrieval of multiple objects in one connection, saving the object

transfers from going through the TCP slow-start phase at the cost of use of higher main

memory. Persistent connections have been found, on average, to reduce both the overall

network traffic and the page response time and we thus use this feature in our study.

However, if we combine persistent connections with the parallel requests discussed in

Step 3 above, then it is possible to have multiple parallel persistent connections, which

could be harmful. Liu [1999] showed that the response time increases exponentially with

the number of persistent parallel connections. In the two most popular browsers: Netscape

seems to use 4 parallel persistent connections, and Internet Explore (IE) seems to use 6

[Nielsen 1997], in this study the default is N = 4.

2.2 Cluster-Based Scalable Service Architectures

Server clustering refers to the pooling together of many servers to act as a single unit. The

technique provides incremental scalability, allowing the reuse of seemingly obsolete

office or classroom systems in Web-servers. The following is a review of Web server

clustering architectures.

2.2.1 Server Selection Strategies

There are a number of server selection strategies for selecting a server from a cluster to

service a user request. The strategies can be broadly divided into five categories: client-

side approaches, server-side HTTP redirect, clusterings via network address translation,

IP tunneling and IP modification.
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1. The Client-Side Approach

In the client-side approach, an applet is operating from the client’s side. The applet makes

requests to the cluster of servers to collect the information such as load, geographical

distance [Seltzer 1995], measured latency [Chankhunthod 1996] and bandwidth [Carter

1996] from all the servers, chooses a server based on that information and forwards

requests to that server. For example, server clusters providing multimedia content could

offer clients a choice of content fidelity with different estimates of transfer rates. The

client-side approach is appropriate when the group of servers is heterogeneous or widely

dispersed across the network. This approach is not transparent to the client. Furthermore,

the method requires the modification of client applications, implying that one

modification does not apply to all TCP/IP services. The client-side approach increases

network traffic through the generation of extra queries or probes.

Products: Berkeley’s Smart Client [Yoshikawa 1997]; Harvest [Chankhunthod 1996]

2. The Server-Side HTTP Redirect

This simple approach uses the HTTP “redirect” command to route incoming users to one

of a number of available servers [Andresen, Yang, Holmedahl 1996; Delgadillo 2000].

As illustrated in Figure 2.4, the client makes an initial connection to the main server using

the publicized URL. The server (www.javelin) responds with a redirect instruction to one

of many available hosts, and the client then makes all subsequent requests to that host. In

this approach, server clusters typically contain members with similar resources and a

shared local network. “URL Redirection” has the advantage of being a standard part of all

Web servers. This mechanism, however, makes visible the URLs of all server machines

to the clients, which can potentially be stored in favorite lists, be indexed by search

engines, and so on. Those situations would defeat subsequent load balancing.
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In this approach, the main server experiences unnecessary overhead from its redirection

role. The establishment of two TCP connections also generates an increase in network

traffic.

Products: SWEB  [Andresen, Yang, Holmedahl 1996]; Cisco’s DistributedDirector

[Delgadillo 2000]

Figure 2.4 The server-side URL Redirection

3. Clustering via Network Address Translation (NAT)

Clustering via Network Address Translation (NAT) [Egevang 1994] is also referred to as

Layer Four Switching with Layer Three Packet Forwarding [Schroeder 2000] or L4/3

clustering. The impetus towards increasing use of NAT comes from a number of factors:

•  A world shortage of IP addresses in v4IP (version 4)

•  Security needs

•  Ease and flexibility of network administration
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The need for NAT arises when hosts in the internal network want to access the Internet

and also be accessed by the public Internet. In order to achieve this goal, the load balancer

substitutes all private IP addresses by a globally registered IP address for all messages

leaving the private network. All private IP addresses are restored by the load balancer in

reply messages entering the private network. During the translation, any integrity codes

affected – such as packet checksums, cyclic redundancy checks (CRCs), or error

correction checks (ECCs) – are recomputed.

The architecture of clustering via NAT approach is illustrated in Figure 2.5. The load

balancer and Web servers are interconnected by a switch or a hub. The servers usually all

provide the same service. The data contents of these servers are either replicated on each

of their local disk, shared on a network file system, or served by a distributed file system.

Figure 2.5 Clustering via NAT
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•  A client sends an HTTP packet using the external IP address of the load balancer

as the destination.

•  The load balancer matches the packet’s destination address and port number to

those of  a Web server service according to the Web server rule table. A Web

server is then chosen from the cluster by a scheduling algorithm and the

connection is added into the binding table that records all established connections.

•  The destination address and the port of the packet are rewritten to those of the

chosen server. IP and TCP checksums are recalculated and the packet is

forwarded to the chosen server. The packet is rewritten and forwarded to the

chosen server when the load balancer determines that the incoming packet belongs

to this connection (it is a kernel-level function or device driver which examines

only the header of each packet and decides whether the packer belongs to an

existing connection, or represents a new connection request. A simple connection

table stored in memory is used to achieve this. [Gage 2000]) and that the

established connection can be found in the binding table.

•  The chosen Web server accepts the packet and replies to the client via the load

balancer, which it uses as a gateway. When the reply packets come back from the

chosen Web server, the load balancer rewrites the source address and port of the

packets to those of the load balancer, recalculates the IP and TCP checksums and

sends the packet to the client.

•  When the connection terminates or times out, the connection record is removed

from the binding table.

•  In the event that the packet does not correspond to an established connection and

is not a connection initiation packet itself, it is dropped.

Figure 2.6 gives an example illustrating the rules for clustering via NAT: the client

(IP:199.160.6.18) makes a request to load balancer (IP: 142.58.142.220) for Web service.

Once receiving the request, the load balancer chooses server station 192.168.0.1, rewrites
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the packet’s destination to 192.168.0.1 and forward the packet. Server 192.168.0.1 sends

back the response to the load balancer by reversing the source and destination addresses

of the incoming request. Receiving the response, the load balancer changes the source

address to its own IP and sends the packet to the client.

Figure 2.6 Illustration of clustering via NAT

Products: LSNAT [Srisuresh 1998]; Berkeley’s MagicRouter [Anderson 1996]; Cisco’s

LocalDirector [Cisco Systems 2001]

4. Clustering via IP Tunneling
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The outer IP header Source Address and Destination Address identify the

"endpoints" of the “tunnel”. The inner IP header Source Address and Destination

Address identify the original sender and recipient of the datagram, respectively.

The inner IP header is not changed by the encapsulator, except to decrement the

time-to-live (TTL) value, and remains unchanged during its delivery to the tunnel

exit point. No change to IP options in the inner header occurs during delivery of

the encapsulated datagram through the tunnel. If need be, other protocol headers

such as the IP Authentication header  may be inserted between the outer IP header

and the inner IP header.” [Perkins 1996]

When this technique is used to implement server clustering, the load balancer tunnels the

request packets to the different servers. The servers then process the requests and return

the results directly to the clients. In order to accomplish this, the secondary address1 of

each Web server is configured to be the same as the primary address of the load balancer.

This configuration is done through the use of interface aliasing, which is the mechanism

                                      

1 This is called multihoming. A secondary IP address can be configured on the same interface that has the
primary IP address.
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that enables a single physical or virtual network port to assume responsibility for more

than one IP address, or by setting the alias on the loopback adapter [Gage 2000].

The architecture of  clustering  servers via IP tunneling is illustrated in Figure 2.7.

Figure 2.7 Clustering via IP tunneling or IP Modification

The traffic flow of clustering via IP tunneling is as follows:

•  A client sends an HTTP packet using the external IP address of the load balancer

as the destination.

•  The load balancer matches the packet’s destination address and port number to

those of  a Web server service according to Web server rule table. A Web server is

then chosen from the cluster by a scheduling algorithm and the connection is

added to the binding table that records all established connections.

•  The load balancer encapsulates the packet within an IP datagram and forwards it

to the chosen server. The packet is again encapsulated and forwarded to the server
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when the load balancer determines that the incoming packet belongs to this

connection and that the chosen server can be found in the binding table.

•  Upon receipt, the server decapsulates the packet, processes the request and

returns the result to the client directly.

•  When the connection terminates or timeouts, the connection record is removed

from the binding table.

•  In the event that the packet does not correspond to an established connection and

is not a connection initiation packet itself, it is dropped.

The main difference between the use of IP tunneling and that of NAT in clustering

architecture is that the load balancer sends requests to Web servers through  IP tunnels in

the former, and via network address translation in the latter. The IP tunneling architecture

avoids the rewriting of packets in the transport of information from servers to clients,

which is particularly important when serving large volumes of data. The request packets

only transmit URL addresses and are typically short. On the other hand, reply packets

potentially carry large amount of  data as they may be comprised of images and

audio/video etc. Another important difference is that each constituent server can be

configured with a private IP address in the case of NAT, while all the Web servers in IP

tunneling must be configured with a globally unique IP address.

Products: Linux Virtual Servers [Zhang 1999]

5. Clustering via IP Modification

Clustering via IP modification is also called Layer Four Switching with Layer Two

Packet Forwarding [Schroeder 2000] or L4/2 clustering. In L4/2 clustering, a load

balancer does not modify the client’s IP packet when forwarding it. This technique

assumes that the load balancer is on the same subnet as the Web servers, all the Web

servers and the load balancer share the same IP address. The load balancer simply

forwards the packet explicitly to the chosen server using its physical address (MAC
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address) on the LAN without modifying the IP header [Cardellini 1999]. Upon the receipt

of the request, the chosen server’s TCP stack establishes the server-to-client part of the

connection according to standard TCP semantics. This task is accomplished by swapping

the source and the target addresses as supplied by the client rather than determining them

from its own basic configuration. The result is that the server replies to the client using

the load balancer’s IP address. Provided that the standard TCP/IP protocols are

implemented, the load balancer is not dependent upon server platform.

The traffic flow of clustering via IP modification is as follows:

•  A client sends an HTTP packet using the external IP address of the load balancer

as the destination.

•  The load balancer matches the packet’s destination address and port number to

those of  a server service according to Web server rule table. A Web server is then

chosen from the cluster by a scheduling algorithm and the connection is added to

the binding table that records all established connections.

•  The load balancer’s TCP/IP stack re-addresses the MAC frame containing the

packet and the packet is then forwarded  to the chosen server. The load balancer

forwards the packet to the server when the load balancer determines that the

incoming packet belongs to this connection and that the chosen server can be

found in the binding table.

•  The server accepts the packet, swaps the source and the target addresses as

supplied by the client and returns the result to the client directly.

•  When the connection terminates or times out, the connection record is removed

from the binding table.

•  In the event that the packet does not correspond to an established connection and

is not a connection initiation packet itself, it is dropped.

Products: IBM Network Dispatcher [Gage 2000]; ONE-IP [Damani 1997]; LSMAC

[Gan 2000]; Alteon ACEDirector [Networks 2002]
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2.2.2 Advantages and Disadvantages

Clustering via NAT (L4/3 Clustering)

The NAT approach has several advantages. First, Web servers can run any operating

system that supports the TCP/IP protocol. Second,  real servers can use private Internet

addresses and thus only one public IP address is needed.

NAT’s major disadvantage is its poor scalability. Since both request and reply packets

need rewriting by the load balancer, it may become a system bottleneck when the size of

the Web servers’ throughput exceeds the capacity of the load balancer. To address this

problem, a hybrid approach can be applied. The hybrid method will be discussed in detail

towards the end of this chapter.

Clustering via IP Tunneling

One key performance and scalability benefit of the clustering via IP tunneling is that the

application server responds to the request directly to the client without travelling back

through the load balancer. The reply does not need the original path and can use a

separate high-bandwidth connection. Incoming packets are short and reply packets are

large in most Web services, enabling the load balancer of the cluster to handle many

requests. Therefore, IP tunneling greatly enhance the load balancer’s capacity to handle a

large number of web servers.

Clustering via IP Modification (L4/2 Clustering)

Besides the advantages of clustering via IP tunneling, IP modification is transparent to

both the client and the server because it does not require packet rewriting. On the other

hand, IP tunneling is only transparent  to the client, since it is not aware that its requests

are handled by a hidden Web server. IP tunneling architectures require modifications to

the kernel code of the server, since the encapsulation occurs at the TCP/IP level.

[Cardellini 1999]
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2.3 Scheduling Algorithms

Scheduling algorithms can be categorized into four main classes: stateless, statistical,

dynamic and content-based. In clusters, the primary concern is balancing the request load

across servers so that when resources are equal a client would see similar response times

from all servers. In all cases, the response time depends upon both the resource capacity

and current load. Stateless scheduling does not account for resource capacity or

availability, but it is very simple to implement. Some examples are Round-Robin DNS

and random scheduling. Statistical schedules are computed from past performance data

such as latencies and bandwidths and reflect typical levels of contention for the

server/network connection. When data exhibit high variability, these schedulers become

less reliable. Probes provide an estimate of the current resource availability but do not

include all performance factors. Content-based scheduling is gaining popularity in the

industry and a great deal of research is currently on-going in this area [Schroeder 2000].

This method supports the delivery of a variety of content types such as images and

video/audio, as well as advanced service such as streaming video/audio on demand,

content personalization, and dynamic application delivery. We now look at some specific

strategies:

•  Round-Robin Domain Name Service (RR-DNS)

Domain Name Services (DNS) map domain names, also called hostnames, to IP

addresses. RR-DNS is the simplest scheme for implementing load-balancing and is

performed only once at the beginning of the transaction [Katz 1994]. RR-DNS treats

all Web servers as equals regardless of connections, response times or processing

capacities [Brisco 1995]. In this scheme, a hostname is mapped to one of several IP

addresses, chosen in a round robin manner (Figure 2.8). This system could result in

different IP addresses for two consecutive requests. Some advantages of the RR-DNS

are protocol compliance, transparency to the client and destination hosts, and standard

function shipment on most name-servers. The RR-DNS technique
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Figure 2.8 Round Robin DNS

is effective when HTTP requests are targeted to HTML information of relatively-

uniform size chunks and when the load and computing powers of workstations are

relatively comparable. Our results show that RR-DNS can achieve a performance

level second only to the dynamic scheme. However, the DNS mapping may be cached

by intermediate name servers and possibly clients. Map caching decreases the resolver

traffic and therefore speeds up the resolving process. The caching is controlled by a

time-to-live (TTL) value appended by the DNS server to each piece of information

and specifies a validity period for caching the IP address mapping. After the

expiration of the TTL, the address mapping request is forwarded to the cluster DNS

for a assignment to a Web server. The TTL value decreases the DNS traffic if set too

high, but also causes the intermediate DNS servers or the clients to cache the mapping

information too long, leading to poor HTTP traffic distribution over the Web cluster.
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mapping information faster, and therefore resolve it more often; this, however, results

in better balancing of HTTP traffic.

Products: The NCSA scalable Web server is the first prototype of a scalable

clustered server by using the RR-DNS approach. [Katz 1994]; Cisco’s LocalDirector

[Cisco Systems 2001]; Berkeley’s MagicRouter [Anderson 1996]; Alteon

ACEDirector [Networks 2002]

•  Weighted Round-Robin DNS (WRR-DNS)

Weighted Round-Robin scheduling [Zhang 1999] can manage Web servers with

different processing capacities. Each server is assigned a weight that indicates its

processing capacity. For example, if the three Web servers A, B and C have the

weights 4, 3 and 2 respectively, WRR-DNS sequence might be ABCABCABA. As in

RR-DNS, workload is not considered in WRR-DDS, which will cause dynamic load

imbalance among Web servers when the request loads vary highly.

Products: Cisco’s LocalDirector [Cisco Systems 2001]; IBM Network Dispatcher

[Gage 2000]

•  Random Scheduling

In Random scheduling, the load balancer acts as a domain name service server [Katz

1994]. When a client requests the mapping of a domain name, the load balancer

selects a Web server at random from the cluster [Anderson 1996] [Delgadillo 2000].

Again, random scheduling takes no account of the different processing capacities or

workloads that leads to inefficiencies.

Products: The CIP TN 3270 from Cisco Systems [Cisio 1997]; Berkeley’s

MagicRouter [Anderson 1996]
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•  Least-Connection Scheduling

In the Least-Connection scheduling algorithm, the load balancer chooses the server

with the least number of active connections [Srisuresh 1998; Zhang; Bryhni 2000].

When there is a collection of servers with similar performance, the Least-Connection

scheduling is proficient at evening out request distribution. This result is not achieved

when servers’ processing capacities are highly variable, however. Weighted Least-

Connection scheduling [Srisuresh 1998; Zhang 1999] avoids the above problem as

servers with higher capacity will be given a larger percentage of the active

connections. In this scheme, Web server administrators assign a weight to each Web

server. The load balancer divides the number of connections of a server by its weight

to calculate server’s number identifier. The server with the lowest number identifier is

chosen.

Another variation is probabilistic, whereby the probability of selecting a server is

inversely proportional to the load on the server [Aversa 2000]. The advantage of this

approach is that it avoids possible oscillations (whereby all requests in a short

timeframe are re-routed to the server with the lowest advertised load, potentially

overloading such a server.).

Least-Connection scheduling does not take into account the fact that some

connections are more resource consuming and require more of a server’s memory or a

longer time to read from disk than the others. The same number of connections does

not necessarily lead to same response time.

Products: Cisco’s LocalDirector [Cisco Systems 2001]; Alteon ACEDirector

[Networks 2002]

•  Least Round-Trip Scheduling

Least Round-Trip scheduling monitors the request/response phase of each connection

through the TCP protocol [Bryhni 2000]. The load balancer calculates the elapsed-
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time between the forwarding of a request and its response from the Web server. The

load balancer chooses the server with the smallest mean elapsed time during an

averaging window. A sliding averaging window is used for smoother results. When

the mean elapsed time of several Web servers is the same in the current averaging

window, two methods of selection can be used: choosing the one with the least active

connection or randomizing.

•  Least Transmitted Size Scheduling

Another algorithm to track the system load is to measure network load by tracking

packet count or byte count leaving from each of  the Web servers over a period of

time [Srisuresh 1998] [Bryhni 2000]. The server with the smallest count is chosen. In

case two or more servers have transmitted the same number of bytes, it chooses the

one with the least number of active connections. A sliding averaging window can be

used to avoid the discontinuity of average windows.

•  Hybrid Scheduling

The Hybrid scheduling approach [Cardellini 2000; Gage 2000] (Figure 2.9), uses

many load balancers each with its own server cluster and scheduling algorithm. Load

balancers are grouped in a single domain name using a method such as RR-DNS or a

“Least-Loaded” algorithm. This scheme spreads the scheduling among load balancers

that individually might have bottlenecked the Web service. But it adds extra

overheads in traffic and elapsed time.
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Figure 2.9 Hybrid Scheduling

•  Dynamic or Run-Time Scheduling

Dynamic or run-time schedulers use small probes to detect current network and/or

server conditions [Bryhni 2000] [Cisco Systems 2001]. A simple scheme with limited

accuracy is to use the Internet Control Message protocol (ICMP) echo request to

regularly poll the different servers [Bryhni 2000]. An accurate response time of each

request can be used as a simple load indication. The first Web server to respond is

chosen by the load balancer. Probes provide an estimate of current resource

availability, but do not include all performance factors. For example, a “ping” probe

measures network latency but does not measure the delay taken by the server to read
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information from the disk. Another problem arises when conditions fluctuate more

rapidly than the time required for the document transfer. Regular requests can

coincide with regular processing activity on the monitored server. In other words, the

conditions measured by the dynamic probe will not extend over the lifetime of the

transfer. Probes can also add run-time overhead in traffic and elapsed time.

Products: Cisco’s LocalDirector [Cisco Systems 2001]

•  Content-based Scheduling (L7 Clustering)

Layer Seven Switching can use Layer Two Packet Forwarding (L7/2) or Layer Three

Packet Forwarding (L7/3) [Schroeder 2000]. In other words, this approach uses

information contained in OSI Layer Seven (application layer) to augment L4/2 or

L4/3 clustering.

Since L7 clustering operates on the content of the client requests, it is also known as

Content-Based clustering. Each Web server is allocated a content to serve. Figure

2.10 presents an overview of this process. “Server 1” is capable of handling requests

of type  A  , while  “Server 2” can handle requests of type    B    and    C  . We see in

the figure that the load balancer decomposes the incoming traffic into two streams,

one for server #1 and one for server #2 based on the types of the requests. The traffic

flow in Content-Based scheduling is summarized as follows:

•  A client sends HTTP requests with the cluster IP as the destination.

•  As request arrives from clients, the load balancer accepts the connection as well as

the request itself.

•  The load balancer inspects the HTTP request content, classifies the requested

document into text, audio/video or dynamic and dispatches the request to the

appropriate server. The chosen Web server is informed of the status of the client-
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Figure 2.10 Content-based Scheduling [Schroeder 2000]

load balancer connection and takes over that connection; i.e. it communicates directly

with the client.

The load balancer keeps track of the status of  connections, this information is used to

make load-balancing decisions. L7 clustering allows each server’s file system to

cache data according to its content, allowing higher cache hit-rates to be achieved.

Additionally, special servers can handle dynamically generated content, while static

requests may be dispatched to servers with less processing power. The overhead of

dealing with HTTP requests and replies in the application-layer is high. As such,

application-layer load balancers may become system bottlenecks limiting cluster

scalability. Similar to the Layer-4 approach, Layer-7 Web switch architectures can be

classified by their mechanisms for redirecting packets as well as for the route of the

return message.
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L7  clustering is limited by the complexity of the content-based routing algorithms

[Schroeder 2000]. Content-Based scheduling does, however, make optimum use of

the clustered Web servers by caching the Web contents and matching content types

with the server capacities according to the resource-consuming level of the content.

L7 clustering should provide a higher performance for a given number of server

stations than L4/2 or L4/3 clustering alone [Schroeder 2000].

Products: EDDIE [Dahlin 1998]; Reverse-proxy [Engelschall 1998]; SWEB

[Andresen]; LARD [Pai 1998]; IBM’s Web Accelerator [Levy-Abegnoli 1999];

Cisco’s CSS 11800 Content Services Switch [Group 2000];  Web Server Director Pro

[Radware]; Zeus Load balancer [Zeus]

•  Master-Slave Scheme

The Master-Slave scheme [Andresen, Yang, Egecioglu 1996; Iyengar 1997; Zhu

1998] is built on top of Content-Based scheduling. The architecture organizes server

nodes into two levels. The master level accepts and processes both dynamic and static

content requests. The slave level is used only to process dynamic content upon

receiving requests from the master level (Figure 2.11). As dynamic content2

generation is more resource-consuming and places greater I/O and CPU demands on

the server, the server bottleneck limits the ability of such servers to process large

numbers of simultaneous requests. The master-slave scheme has better throughput

                                      

2 Dynamic data involves information construction at the server before users’ requests are answered.
Dynamic content enables services such as electronic commerce, database searching, personalized
information presentation… To create dynamic content in response to an HTTP request, most servers
implement the Common Gateway Interface (CGI) [Team 1998] NCSA HTTPd Development Team (1998).
The CGI Specification. http://hoohoo.ncsa.uiuc.edu/cgi/interface.htmlor JAVA. [Microsystems 2002] SUN
Microsystems (2002). The source for Java Technology. http://www.javasoft.com/Common applications of
CGI or JAVA include search engines, hit counters, and redirection.
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performance compared to an architecture where both types of contents  are served by

every node.

Products: Web searching servers at Inktomi [INKTOMI]; AltaVista. [AltaVista]; The

Alexandria Digital Library System [Andresen, Yang, Egecioglu 1996]; IBM’s Atlanta

Olympics web Server [Iyengar 1997]

Figure 2.11 Master-Slave Scheme
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not inherently scalable, since it does not take into account that the TCP router will be a

bottleneck under high load. An alternative to a centralized approach is Distributed Packet

Rewriting (DPR). [Bestavros 1998; 1998; Cardellini 2000; Cardellini 2001] DPR

distributes requests across many Web servers as TCP routing does (Figure 2.12). The

major difference between DPR and TCP routing lies in the publication of IP addresses.

DPR uses RR-DNS to publish individual addresses of all machines in the cluster. The

responsibility of re-routing requests is therefore distributed amongst all machines.

This distributed approach promises better scalability and fault-tolerance than centralized

special-purpose connection routers. Aversa et al. [2000] have showed that state-based

approaches achieve better throughput and faster response times than stateless methods

such as RR-DNS provided that the load estimation is accurate. Our simulation results in

Chapter 5 confirm this finding.

Figure 2.12 Distributed packet rewriting
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2.5 Summary

At the beginning of  this chapter, we studied the OSI reference model, TCP/IP network

model and HTTP protocol. Then we described the cluster-based scalable service

architectures and the scheduling algorithms. Later in Chapter 5, we will study some most

widely used architectures and scheduling schemes in simulation. We will focus on five

commonly used scheduling schemes in the study: Round-Robin, Random, Least-

Connection, Least Round-Trip and Least Transmitted-Size. These scheduling algorithms

are representative of three major classes of algorithms. The Round-Robin and Random

schemes distribute requests independent of the load on each Web server, the Least-

Connection approach uses the connection state information for load distributions, while

the Least Round-Trip and Least Transmitted-Size policies are based on history statistics

of loads.

Chapter 3 will now present the techniques used to determine the performance of Web

servers.



Chapter 3

Traffic Model and Performance

Evaluation of Web Servers

In this chapter, we introduce the parameters used to evaluate Web server performance,

the distributional characteristics of the Web traffic, and several Web benchmark tools

with the emphasis on SURGE (Scalable URL Reference Generator).

3.1 Parameters Used to Evaluate Web Server Performance

The performance of a Web server is dependent upon a number of variables, including the

server processing power, disk storage hardware, operating system as well as the network

protocols, hardware, bandwidth and congestion. The user perception of a server’s

performance depends on the client platform and operating environment; and the Web

client. The four most common metrics for measuring the capacity of Web servers are:

1. Requests  served per second: a measure of the maximum number of HTTP

requests manageable by a server in a given length of time. A higher number

indicates better performance and therefore better service. When a server cannot

adequately handle traffic requests, such as during peak periods, some requests will
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not be satisfied and result in timeout or “connection refused” messages for the

user.

2. Throughput: a measure of the maximum amount of data the server can service

during a given amount of time. It is measured in bytes per second. Aside from the

server’s processing capacity, the network bandwidth and congestion can also

influence the perceived throughput of a server.

3. Round-trip time (RTT): a measure of the time taken for a request packet to

reach the server and for its response to get back to the client, thereby completing

the request. Logically, the minimum possible round-trip time minT can be defined

as

min

/

/

c q p r n

q q

r r

T t t t t t

t s bw

t s bw

= + + + +

=

=

where bw is the bandwidth of the network connection, and s represents packet

size, with the q and r subscripts indicating “query” and “response”. The parameter

ct is the one round time delay inherent in TCP connection, q rt t+ is the time it

takes to send the request (query) and receive the reply, and pt is the time spent at

the server. Any network latency due to WAN/LAN connections, routers, modems,

and so forth is represented by nt .

4. Error rate or errors-per-second is the measure of the number of HTTP requests

lost or not handled by a server. This event could appear as a “connection refused”

error when attempting to create a TCP/IP connection, as a time-out on creating the

connection, or as corrupted data arriving at the client. A lower number indicates

better performance. The user’s perception of reliability depends on a low error

rate.

Most reported measurements of server performance focus on throughput and connections

established per second. While each of the four metrics described can be relevant and

interesting, they are not of primary importance to the user. The fact is that users tend to

care most about latency and avoid Web pages that take long to download. Connection,
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request and network delays are the three major latencies. Web clients also add delay that

is associated with parsing the retrieved data and displaying it for the user. The time

required to retrieve and display a series of Web pages is defined as User’s Perceived

Performance (UPP) [Mogul 1995]; this is the ultimate measure of the success of Web

servers.

3.2 Web Traffic Characteristics

The widespread use of the WWW and related applications place substantial performance

demands on the network servers. The ability to measure servers’ performance is

important for tuning and optimizing the servers’ architectures and for obtaining an in-

depth understanding of the statistical properties of Web traffic can contribute

substantially to the development of the required. Many studies have identified important

Web traffic characteristics. For example, Arlitt [1996] used six different data sets to

identify some invariants in Web traffic (three from academic environments, two from

scientific research institution, and one from a commercial Internet provider). These data

sets led Arlitt to conclude that HTML and image documents account for 90-100% of total

requests to servers, that the mean transfer size is quite small (5-21Kbytes), and that the

file size distribution is Pareto (see Table 3.1 for details on the Pareto, Lognormal and

Inverse Gaussian distributions, each of which is highly skewed and heavy-tailed1). In

Arlitt’s study, 10% of accessed files accounted for 80-95% of server requests and 90% of
                                                
1 A heavy-tailed distribution has the property the upper tail declines slowly, for example according to a
power law, i.e.,

[ ] ~ 0 2P X x x α α−> < ≤
where a(x) ~ b(x) means lim ( ) / ( )x a x b x cα→ =  for some constant c. Random variables whose distributions
are heavy tailed exhibit very high variability; in fact, their variance is indefinite, and if 1α ≤ , their mean is
also infinite.

The simplest heavy-tailed distribution is the Pareto distribution. The Pareto distribution is hyperbolic over
its entire range; its probability mass function is

1( ) , , 0 .p x k x k x kα αα α− −= > ≥
and its cumulative distribution function is given by

( ) [ ] 1 ( / )F x P X x k x α= ≤ = −
The parameter k represents the smallest possible value of the random variable.
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bytes transferred and that there is high degree of variability in the size of files transferred.

The analysis of the extended logs of a 1994 Californian congressional elections Web

server [Mogul 1995] showed no correlation between file size and connection time for

files under 30kBytes. In this analysis, the majority of traffic was generated by transfers of

small images and request arrivals did not appear to follow a pure Poisson process. This

result means that the requests may not follow a renewal process, thus making it more

difficult to simulate  arrivals and to parameterize the traffic intensity. Work on

probabilistic models [Huberman 1998] [Pirolli 1999] of the number of pages that a user

visits within a Web site showed that an inverse Gaussian distribution is appropriate for

this parameter. Statistical characteristics of the Web request traffic patterns in dynamic

and heavily accessed Web server environments have been analyzed in several studies

[Squillante 1999] [Squillante 1999] [Iyengar 1999]. Some of the most important

distributional models of the Web traffic are summarized in next section.
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Model Probability Density Function Graphs of pdf’s

Lognormal
2 2(ln ) / 21

( )
2

xp x e
x

µ σ

σ π
− −=

Pareto ( 1)( )p x k xα αα − +=

Inverse
Gaussian

2 23 ( ) / 2( ) / 2 x xp x x e λ µ µλ π − −=

Table 3.1 Probability density functions (pdf’s) of three models

3.2.1 Distributional Characterization of the Web Traffic

Before we proceed with the distributional characteristics of the Web traffic, we need to

define the components of the Web traffic. Web files usually include other files by

reference, such as images and thus the user’s request for a single Web page often results

in the transfer of multiple files. The set of files in a Web page is called a Web object. In

order to retrieve a Web object as rapidly as possible, the HTTP protocol allows several

simultaneous connections to retrieve sets of files. This method is faster than accessing

individual files at well-spaced intervals. Eight distributional models of the Web traffic are
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now introduced. Typical values for the various parameters are be given in Table 3.2 at the

end of this section.

1) Crovella [1995] [1997] demonstrated and explained that Web traffic can be self-

similar. This characteristic is quite different from traditional traffic models that use

Poisson or Markovian modeling and which predict that longer-term2 correlations

should rapidly die out. Under standard traffic models, traffic that is observed on large

time scales should appear quite smooth [Floyd 2001]. Self-similarity in traffic has

been shown to have a significant negative effect on network performance [Erramilli

1996] [Park 1996]. The high variability [Arlitt 1996] [Crovella 1997] and self-

similar nature  of Web access load is modeled through heavy tail distributions such

as Pareto, Lognormal and Weibull functions. Random variables generated by these

distributions can assume extremely large values with non-negligible probability.

2) File sizes. Web workload is influenced by the distribution of file size on the server. In

the case of heavy-tailed distribution of file sizes, the server’s file system has to deal

with highly variable file sizes [Bray 1996] [Crovella 1997] [Arlitt 1996]. This feature

determines that the retrieval time for the files is also highly variable. The upper tails

of the distribution (the distribution of extreme values) for file size are well described

by the Pareto distribution with shape parameter 2α <  [Floyd 2001]. For 2α < , the

Pareto distribution has infinite variance. Crovella [1997] showed that the effect of

adding multimedia files to a set of text files increases the weight of the tail. The body

of file size distribution tends to follow the Lognormal function [Barford 1999] [Arlitt

2000] [Pitkow 1999].

3) Request Sizes. The distribution of request sizes can be quite different from the

distribution of file sizes because requests can result in any individual file being

                                                
2 “Longer-term” here means time scales from hundreds of milliseconds to tens of minutes.
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transferred multiple times, or not at all. File sizes refer to those files stored in the file

system of the server and request sizes correspond to the files transferred over the

network from the server. Accurate modeling of the request sizes is important for

accurately exercising the server and the network. Empirical measurements show that

the distributions of request sizes can show heavy tails [Arlitt 1996]. Web pages with a

size larger than 50kB make up 10 percent of the total number of pages but account for

80 percent of the traffic volume. Most requests are made for small groups of files in

the server.

4) Popularity. The relative number of requests made to individual files on the server is

the fourth property of the workload. Popularity measures the distribution of requests

on a per-file basis. Even when the distributions of file sizes and request sizes are

fixed, there still can be considerable flexibility in how requests are distributed among

individual files. Popular files typically tend to remain in caches, so the distribution of

popularity greatly influences the behavior of caches.

Popularity distribution for files on Web servers has been shown to commonly follow

Zipf’s law [Glassman 1994] [Cunha 1995] [Almeida 1996] [Huberman 1998]. Zipf”s

Law states that if files are ordered from most popular to least popular, then the

number of references to a file (P) tends to be inversely proportional to its rank (r).

That is :  aP kr −=  for some positive constant k.  The empirical measurements of the

exponent a are often quite close to -1, which expresses Zipf’s Law in its original

form. The heavy tailed nature of the Zipf distribution means that only a few files

account for the majority of requests.

5) Embedded References. HTML pages usually are often comprised of other files such

as icons and pictures. In order to capture the structure of these files, it is important to

characterize the distribution of embedded references in a HTML page. The Pareto

distribution has been shown to give the best fit [Barford 1998] [Pitkow 1999].
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6) Temporal Locality. Another characteristic of the Internet that plays an important role

on the efficiency of caching algorithms is the temporal locality of HTTP requests.

Temporal locality in Web workloads refers to the likelihood that the same document

is re-referenced within short intervals. A usual way to measure temporal locality is to

compute the “stack distance” or distances between requests to the same document.

This measurement is achieved by counting the number of different requests between

requests to the same documents. One way to measure temporal locality is using the

standard LRU (Least Recently Used) stack-depth analysis [Arlitt 1996]. The stack

distance sequence can be generated as follows for any given sequence of requests. A

file is initially requested and automatically placed on top of the stack, pushing other

files down. On subsequent requests, its current location is recorded, and the file is

moved back to the top of the stack. The depth at which each requested file is found is

the request’s stack distance.

Stack distance captures temporal locality. A small stack distance corresponds to file

requests occurring close to each other in the reference stream. Assuming the initial

order of the stack is known, the stack distance sequence contains information

equivalent to the request sequence and each can be obtained from the other. The

distribution of stack distances for any Web request sequence can thus serve as a

measure of the temporal locality in the sequence.

It was observed in [Almeida 1996], [Pitkow 1999] and [Tauscher 1997] that typical

distribution for request sequences is Lognormal. As the Lognormal distribution has

most of its mass concentrated in small values, this result indicates that significant

temporal locality is often present in Web request sequences.

7) OFF Times. Proper characterization of inactive OFF times (when a user is thinking)

is necessary to replicate an accurate transfer of Web objects and capture the bursty

nature of Web user’s requests. The think time parameter governs the amount of time

clients wait between the response from the server and the next request to the server.
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This parameter is typically modeled using a Pareto distribution [Barford 1999]

[Pitkow 1999] [Deng 1996]. “The heavy-tailed distribution of user think times also

seems to be a feature of human information processing.” [Crovella 1995]

8) Session Lengths. The session length refers to the number of page requests a client

makes before it closes a maintained connection. A user normally surfs through

several Web pages within a site before proceeding to another site. The session length

has been shown to approximately follow an inverse Gaussian distribution [Pitkow

1999] [Catledge 1995] [Cunha 1995] [Huberman 1998]. For the HTTP/1.1 protocol,

this parameter strongly affects the time interval that a persistent connection stays

connected.

Category Distributions Parameters
lognormal (93%) 7.630; =1.001µ σ=

Base (30%)
Pareto (7%) 1.0; k=10000; min=75α =

Embed (38%) lognormal 8.215; =1.460µ σ=

lognormal (66%) 7.101; =1.200µ σ=

File
Size

Loner (32%)
lognormal (34%) 11.151; =1.143µ σ=

lognormal (93%) 7.881; =1.339 µ σ=
Request Sizes

Pareto (7%) 1.177; k=34102α =

Popularity Zipf
Embedded References Pareto 1.245; k=2; max=150α =

Temporal Locality lognormal ln( ) 4.214; ln( )=2.187 µ σ=

OFF Time Pareto 1.4; k=1; max=1800α =

Session Length Inverse Gaussian 3.86, =6.08; max=95µ λ=

Table 3.2 Distributions and parameters of several Web characteristics used in this project

3.3 Workload Generator of Web Traffic

Some researchers have tried to directly evaluate the performance of Web servers and

proxies using real workloads. These measurements are important for understanding
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server performance, for diagnosing server problems and also for comparisons with

synthetically generated loads. Most recent studies on Web server performance

concentrate on creating workload generators in a test-bed environment [SPEC 2001]

[Mindcraft 2002] [Mosberger 1998] [Cluts 1998] [Barford 1998]. Trace-driven

simulation and analytic simulation are two approaches to workload generator design.

Trace-driven workload generation uses prerecorded traces and either samples or replays

the records to generate workloads [Barford 1998]. Analytic workload generation uses

statistical models based on various workload characteristics to generate traffic that

attempts to mimic the behavior observed in actual networks.

Both approaches have strengths and weaknesses. The trace-driven simulation is easy to

implement and matches the activity of a known system. Since this approach treats the

workload as a “black box”, insight into the causes of the system behavior is difficult to

obtain: the trace will always reflect the properties of the system it is measured from.

Trace-driven simulation offers very limited control over the trace, which decreases one’s

ability to adjust the workload to investigate controlled variations in traffic. Increase in the

Web load may occur along different dimensions that depend on the number of users

accessing the server, the files accessed, and the size and complexity of the different pages

[Bryhni 2000]. Therefore, it is not straightforward how to extend a trace to represent a

higher load level. Some people [Bryhni 2000] aggregate the load by folding a longer time

of consecutive Web accesses into a much shorter time trace. However, we do not know

exactly how this reflects real access patterns. Analytic workloads do not have these

limitations, but they can be challenging to construct and validate. In this approach, it is

vital to identify the characteristics of the workloads and to measure them empirically. To

create a single output workload accurately exhibiting a large number of different

characteristics is difficult to achieve. However, measurements of server performance

using synthetically generated loads are useful for demonstrating server performance over
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a range of loads and in a controlled fashion. This demonstration would not be possible in

real use studies.

Typically, load generating schemes that equate client load with the number of client

processes in the test system are used [Cluts 1998] [Banga 1999] [SPEC 2001] [Barford

1998]. Adding client processes is thought to increase the total client request rate. To

decrease costs and increase control, it is desirable to use a small number of client

machines to simulate a large client population. A set of N Web client processes are

executed on P client machines, thus taking advantage of the multithreading feature of the

system. In this procedure, the client machines and the server usually share a LAN. Each

client process establishes an HTTP connection, sends an HTTP request, receives the

response, waits for a certain time (think time), and then repeats the cycle. To make the

simulation more realistic, the sequence of URLs requested can come from a database

designed to reflect realistic URL request distributions observed on the Web. As for think

times, they are determined by making the average URL request rate equal to a specified

number of requests per second. N is typically chosen to be as large as possible within the

performance capacity of the client machine, thus allowing a high maximum request rate.

A typical workload generator is illustrated in Figure 3.1.
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Figure 3.1 Typical workload generator

Instead of pre-determining the think time, as done in a typical workload generator, such

as SPECweb[SPEC 2001] introduced in the next section, we will vary the think time by

following a statistical model. As mentioned before, the think-time model is important in

replicating an accurate transfer of Web objects and capturing the bursty nature of Web

user’s requests. We introduce some commonly used Web benchmarks in the next section.

3.4 Web Benchmarks

In this section, we introduce five major Web benchmarks: WebStone [Mindcraft 2002],

SPECweb [SPEC 2001], Httpperf [Mosberger 1998], WCAT [Cluts 1998] and SURGE

[Barford 1998]. WebStone, SPECweb, Httpperf and WCAT  are categorized as simple

request generators. These benchmarks are essentially based on the WebStone model,

which make repeated requests for some set of files either at a very uniform rate, or as fast

as the client system(s) can absorb.
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Simple Request Generators

WebStone and SPECweb are the two most accepted benchmarks [Barford 1998] [Banga

1999]. WebStone is a distributed, multi-process benchmark that simulates an arbitrary

number of clients randomly downloading pages from the server for a configurable

amount of time. As most users access the main page of a Web site and proceed to follow

links thereafter, the random access patterns of this simulator are not an accurate

representation of behaviors found on the WWW. It initiates a fixed number of processes

that constantly download one file at a time as often as possible and measures the

throughput and latency of each HTTP transfer. This simulation does not account for

periodic idle time by WWW users who surf in and out of sessions. Furthermore, it does

not simulate the common practice of  WWW browsers, which generate multiple

connections to download pages and inlined images concurrently. Servers are represented

in the WebStone test by four different file sets. The first set is composed of small pages

of less than 20kB, in the second set, file sizes vary between 1 and 100kB, while the third

mix is comprised of larger files ranging from 20kB to 1MB. The fourth set contains files

varying in size from 0kB to 1MB. These four file sets seem too limited to reflect the files

in a typical Web server.

SPECweb is a benchmark developed by Standard Performance Evaluation Corporation

(SPEC). SPECweb differs from WebStone in its workload division into a mixture of four

file classes by file sizes: less than 1kB, 1 to 10kB, 10 to 100kB and 100kB to 1MB. The

weight of each class is obtained from the analysis of existing Web server logs and

determines the site’s page set, the collection of user profiles and the inter-arrival time

between users utilized in simulations. The workload is generated according to the

empirical distributions of user inter-arrival times. SPECweb99 directs 35 percent of its

activity to the smallest class, 50% to the 1-to-10-kB class, 14% to the 10-to-100-kB class

and 1% to the largest files. Access within each class follows Zipf’s distribution. Httpperf

was developed by HP Research Labs. Httpperf measures the request throughput of a Web
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server. For example, HTTP calls and sessions can be generated deterministically at a

fixed rate. The sessions consist of several HTTP call bursts spaced by fixed user think

times. Repetitive URL requests and URL request sessions can also be generated at a

given rate from a fixed set of URLs. The workload generated by this simulator is far from

mimicking the real-world traffic patterns observed by Web servers.

The Microsoft Web Capacity Analysis Tool (WCAT) is another tool for testing the

client-server configurations. WCAT is designed specifically for evaluating Internet

servers running Microsoft Windows NT® Server and Microsoft Internet Information

Server (IIS) and provides more than 40 ready-to-run workload simulations.  Basic tests

include repeated requests for a 1kB file, requests for 12 files ranging in size from 256

bytes to 256kB, requests for 14 files between 256kB to 1MB with total workload of

50MB or 200MB and a WebStone 1.1 sample workload. Similar to the two benchmark

programs mentioned above, the WCAT test requires a variety of parameters to be set. The

number of client browsers needs to be specified for each test as well as the size, type, and

rate of client requests. “ThinkTime”, frequency of  requests, pages requested and duration

of the test are also required. WCAT also offers the ability to test a server’s performance

using ASP, Internet Server Application Programming Interface (ISAPI) extensions and

Common Gateway Interface (CGI) applications. However, WCAT shares the drawbacks

found in WebStone and SPECweb as discussed below.

In the WWW, HTTP requests are generated by a huge number of clients, each with a

think time that follows a distribution having a large mean and variance. Furthermore, the

think time of clients is not independent. Indeed, factors such as human users’ sleep/wake

patterns and scheduled publications such as news cause high correlation of client HTTP

requests. As a result, bursts can be observed in the server’s HTTP request traffic at

several scales of observation, and with peak rates exceeding the average rate by factors of

8 to 10. Those peak request rates can easily exceed the capacity of the server.
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By contrast, simple request generation methods, such as SPECweb, WebStone and

WCAT, have fixed think times or independent think time distributions with small means

and variances. In these methods, the goal is to generate a fixed number of requests per

time interval. As the number of requests per second increases, the time between

consecutive requests decreases. This implies that the clients stay essentially in lock-step

with the server. As a result, bursts are rarely found in the traffic.

In next section, an analytic approach is introduced to combat the problems associated

with the simple request generation method.

Scalable URL Reference Generator (SURGE)

SURGE is a benchmark tool designed by Paul Barford [Barford 1998] and we have

selected it as the basis for the server-tests described in Chapter 4. The source code is

publically available and the programs can be compiled on both UNIX and Linux systems.

SURGE attempts to imitate a stream of HTTP requests originating from a fixed

population of web users. Each user is modeled by an ON/OFF random process (User

Equivalent, or UE) that makes requests for Web files during the ON period and lies idle

when OFF. A User Equivalent is a workload roughly corresponding to that generated by

a normal user. The intensity of service demand generated by SURGE can thus be

measured in Unit of UE’s. In the software, a UE is implemented as an independent

threaded process operating in an endless loop alternating between requesting Web files

and idling. To be accurate, both the Web file requests and the idle times must exhibit the

distributional and correlational properties that are characteristic of real Web users. Within

ON periods, users keep the connection alive for multiple retrieves. OFF periods

correspond to the user think time. SURGE is based on a set of eight distinct statistical

models (see Section 3.2.1) of Web use behaviours in an attempt to capture properties

observed in real Web workloads. The file-size model consists of three categories: base

files, embedded files and single files. The base files refer to HTML files that contain
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embedded files. In SURGE programs, the base files account for 30% of the total pages

and follow a hybrid of Lognormal and Pareto distribution. Embedded files refer to files

which are referenced by base files, typically inlined images, and account for 38% of the

total pages. The file size follows the Lognormal distribution. Single files are files which

are neither base nor embedded. 32% of the total pages belong to this category and the

sizes follow a hybrid of Lognormal and Lognormal distributions. Table 3.2 lists the

distributions and parameters of several Web characteristics associated with the models

discussed in Section 3.2.1.

On the WWW, a single file request often results in the transfer of multiple files from the

Web server. When SURGE generates an object, one file from the base file set and a

number of files from the embedded file set are selected. In this generation, each of the

base files are assigned to one and only one object, while embedded files can be assigned

to multiple objects. The number of embedded files in each object is determined by the

Pareto distribution.

Since each UE has significant idle periods, it is a very bursty process and the resulting

traffic is quite different from approaches typically used by other Web workload

generators. Barford [1998] showed that SURGE more realistically benchmarks server

performance than other commercially available tools. For example, empirical studies of

operating Web server have shown that they experience highly variable demands in the

form of CPU loads and number of open connections [Mogul 1995] [Barford 2001]; the

workload generated by SURGE matches this by causing much higher variability in

number of open connections than does SPECweb. In addition, SURGE generates network

traffic that is self-similar and bursty at high loads, as is seen in traffic measurements. This

capability is not available in other available load generators.

SURGE supports HTTP 0.9/1.0/1.1 protocols. (HTTP 0.9/1.0 uses a separate TCP

connection to be used for multiple file, while HTTP 1.1 allows a single TCP connection

to be used for multiple files.)
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Compared to other benchmarks, SURGE generates much more realistic traffic. But, by

using the analytical approach, SURGE also offers other advantages. The models used in

SURGE are explicit and can be examined directly by the user. This feature enables a user

to artificially inflate different aspects of a site’s traffic, permitting the webmaster or

researcher to study expected  future demands and other alternative conditions. The stress

on the server and network is more intense with SURGE than in other Web benchmarks

[Barford 1998]. As the test is more realistic and representative of the WWW, SURGE

was used by the HTTP-NG3 [W3C 2001] as the basis for its representative testbed

because of its analytical strength [Pitkow 1999].

 “From these empirically derived distributions, SURGE creates a mock Web site

that essentially contains page with embedded images that match the statistical

properties measured from real Web site.” [Pitkow 1999]

The basic configuration parameters of the models, described in Section 3.2, have not been

changed from those used by [Barford 1999] in his performance evaluation of HTTP

protocols. They were developed on the analysis of empirically measured Web workload

traces [Barford 2001].

In this study, all of those parameters are fixed except for σ of the Lognormal distribution

for the “loner” file size. This parameter is intended to represent the larger, streaming

audio and video files found on multimedia servers. Usually, an audio or a video file only

appears as a link in a file page. In other words, instead of being downloaded

simultaneously with other pages, those files have to be downloaded separately. These

files are also large compared to regular image files. We want to see the effect of average

file size on the performance of a cluster.

                                                
3 “Between July ’97 and Dec ’98, the HTTP-NG Activity explored the future development of the HTTP
protocol. The motivation was the impression that HTTP/1.1 is becoming strained modularity wise as well
as performance wise. The HTTP-NG Activity produced a number of proposals that successfully addressed
these issues, which were presented to W3C members and at an IETF meeting in Dec. 98.” [W3C 2001]
W3C (2001). Final HTTP-NG Activity Statement.         
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3.5 Summary

In this chapter, several distributional characteristics of Web traffic were discussed. We

then introduced five commonly used Web benchmarks: SPECweb, WebStone, Httpperf,

WCAT and SURGE. SURGE was chosen as our server stress-testing tool. In next

chapter, we will show how we used SURGE to stress-test the server and developed server

models from the results.



Chapter 4

Server Stress Tests and Server Models

This chapter describes the server stress testing experiments. Server processing models are

developed on the results from these experiments. We then integrate these models into the

simulation system that we use to study server clustering techniques and validate them.

4.1 Experimental Setup

The environment for the experiments presented in this document consisted of one HP

Kayak XU PC running RedHat Linux 7.1(Linux 2.2.16), as well as one Sun Untra-2 and

two Sun Ultra-10 workstations. The Untra-2 possesses 128MB of RAM with a 300MHz

UltraSPARC processor. Each Untra-10 has a 440MHz UltraSPARC processor. One of

them is provided with  128MB of RAM and the other with 64MB RAM. The PC is

configured with dual Pentium II 333 CPU, 256MB of RAM and SCSI 10000 RPM

Seagate “cheetah” disk drive. The server runs Apache 1.3.12. The configuration for the

Apache software was taken from [Apache 2002]. The workstation specifications are

summarized in Table 4.1.
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Table 4.1 Experiment specifications

Due to the limitations of the research resource, a stand alone local area network is

impossible in this research; all tests were run after midnight or over the weekend to

decrease the amount of unrelated traffic to a minimum and to make the results repeatable.

Each run was repeated 3 times in order to make up for network fluctuations and averages

were then taken from these results. Figure 4.1 demonstrates that the server, “jawbreaker”,

is connected through a 10Base_T hub. The three other UNIX machines are connected

separately through a 10 Mbps hub. The four hubs are joined together by a 1Gbps

backbone. Average roundtrip time as measure by “traceroute” command was 1.581ms

(variance = 0.094). Bandwidth as measured by repeated FTP requests of a 3.18MB file

was 0.842Mb/s (variance = 0.227Mb/s). These measurements took into consideration the

3 hops between the clients and the Web server.

Server Hardware
Dual Pentium II 333, 256 MBytes RAM,
512KB cache, SCSI Seagate 10000RPM

HD
HTTP Server Software RedHat Linux 7.1; Apache 1.3.14

jackanapes
128
M
B

jacobi

SUN Ultra-10:
440MHz

UltraSPARC-
IIi processor
with 2-MB

external cache,
DRAM with
speed of 50ns

M
e
m
o
r
y

64
M
B

HTTP Client Hardware

jabberwock
SUN Ultra-2 with
300MHz CPU and
128MB memory

HTTP Client Software Sun OS Release 5.8, CDE1.4,
X11 Version 6.4.1
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Figure 4.1 Experiment setup

Another popular server, the IIS 4.0 was also tested on a Dell server station running

Microsoft NT 4.0 with 350 MHz CPU and 256 M 100MHz ECC SDRAM (100MHz

system bus speed, Ultra2/Wide SCSI, 10,000RPM hard disk). Unfortunately, however,

this server became very unstable when the load almost reached 320 UE’s. Adding more

UE’s exhausted the resources in the operating system (number of processes, available

memory, etc.) and crashed the machine. The Linux server was still able to run smoothly

when put through the same test. Our study therefore concentrated on the Apache server

(with a Linux operating system).

Two key parameters control the number of connections to the Apache server: the

maximum number of connections (MaxClients) and the timeout beyond which an idle

connection is cut off (KeepAliveTimeout). The maximum number of connections largely

depends on the memory and CPU capacity of the web server. The KeepAliveTimeout

parameter, however, is set in accordance with the arrival traffic pattern. Two sets of

possible configuration parameters are given in Table 4.2. They are defined in httpd.conf

jackanapes jacobi jabberwock

jawbreaker

Internet

10 Mbps Hub

10 Mbps Hub

10 Mbps Hub 10 Mbps Hub

1 Gbps Hub
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file, which is used to configure the operations of Apache server. The configuration for

Experiment I was based on the highperformance.conf file supplied with the Apache

distribution and was used in Barford’s experiments [Barford 1999]. In Experiment II, the

server was configured differently in an attempt to take in consideration the specifications

of the computer used in this study.  In Section 4.3, you will see a comparison of the

results under these two configurations. Minor optimizations could have been made to the

web server such as turning off logging or adding more memory. Such optimizations

might have improved the server’s performance slightly, however, in this study we

attempted to use a consistent set of test conditions in order to accurately compare the

results from different experiments and obtain good performance. The goal was not

necessarily to achieve the highest throughput numbers possible.

Parameter Experiment I Experiment II
KeepAlive On On

MaxKeepAliveRequests 150 150
KeepAliveTimeout 15 15
MinSpareServers 5 5
MaxSpareServers 10 20

StartServers 5 8
MaxClients 150 256

MaxRequestsPerChild Unlimited Unlimited

Table 4.2 Apache 1.3.12 configuration parameters

4.2 Assumptions and Restrictions

The data reported in this chapter are from a series of experiments on one set of systems

and networks; other systems may have totally different performance and care must be

taken in extrapolating our results to significantly different configurations/hardware. The

numbers reported are intended to reflect the general pattern of Web servers’ responses

and to illustrate a strategy for investigating the performance of Web servers and load
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balancing algorithms. In order to obtain realistic measurements with different hardware

the server models would need to be recalibrated with a new set of SURGE measurements.

Two limitations of our study are as follows:

• Local Area Network Latency: Tests were run in a local area network, providing

shorter delays than a wide area network would in real life. As a result, file transfer

time and connection durations are shorter than those over the Internet.

• No Packet Loss: The loss characteristics of WAN’s and LAN’s are very

different. Packet losses caused by network congestion and other factors are much

more common in wide area than in local area networks. This study does not

evaluate the performance aspects of a server dependent on such network

characteristics. In other words, an error-free environment is assumed in this

project. It is well known that packet losses and delays increase the lifetime of the

server’s connections, thus inducing a large number of simultaneous connections

that can cause a significant performance degradation of the server. These

considerations need to be factored in when interpreting the results.

4.3 Server Stress-test Results

As mentioned in Chapter 2, users care about latency. Measurements of the latency reflect

the average time between request of the user and receipt of the Web object by the user.

To insure an accurate representation of server’s capacity, we adopted the objects/second

parameter as the measurement of the object throughout, instead of using the number of

requests per second. Users make requests for objects that may consist of an HTML file

along with several embedded references. HTTP/1.1 allows several requests to be made in

a persistent connection. In this case, measuring the object throughput is more appropriate

and more directly related to the loads (such as, the number of concurrent open

connections) on the server. As ISP’s can not easily identify objects in server traffic logs,

the number of files in an object is normally extracted from the traces by identifying
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sequences of files fetched by a given user for which the time between transfers is less

than the threshold (for example, one second) [Barford 1998]. In our experiments, SURGE

is built on the idea of objects and we can easily track down the objects, we decided to

take advantage of this opportunity. Both object throughput and byte throughput are

measured in this study.

Each experiment in this study exercised the server over a range of loads between 1 and

960 UE’s and was performed for ten minutes. An average was taken for three runs of

each load (see Appendix B for measurements, average and standard deviation). Each

experiment was also started for ten minutes prior to data collection to allow sufficient

time to fill up the server’s memory with the most requested files, and thus stabilize the

effects of subsequent experiments [Barford 1999]. SURGE was configured with 2000

unique files. Varying the parameterσ of the loner file resulted in server data-sets with

sizes between 52MB and 496MB. This increase of σ reflects the expected increasing

usage of audio and video contents on the Internet. Table 4.3 lists the total, mean and

maximum sizes of the file sizes generated by SURGE.

1.143σ = 1.7145σ = 2.5σ =

Total 51,792,709 103,791,312 496,210,392
Mean 25,896 51,895 248,105

Maximum 3,119,822 10,425,375 103,441,756

Table 4.3 File sizes generated by SURGE

The variability of the three runs for each load is quite small as can be observed from

Tables B.3 – B.18. Figures 4.2 - 4.4 illustrate the latency results for the two experimental

configurations and the three value of σ . It is seen that Experiment II produced far lower

average latencies when the load was increased and its configuration parameters were

therefore adopted for the remainder of this study.
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4.2 Comparison of latencies for two Apache configurations ( =1.143σ )
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4.3 Comparison of latencies for two Apache configurations ( =1.7145σ )
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Figure 4.4 Comparison of latencies for two Apache configurations ( =2.5σ )

As shown in Figure 4.5, when the load increased on the server, the time required to serve

a Web object increased gradually up to 140 UE’s. This result is true for all file size

configurations. After 140 UE’s, the latency time shoots up sharply. This characteristics is

typical for Web servers [Slothouber 1996]. Increasing the average file size also increases

the average delay time.

Figure4.5 Latencies for Apache 1.3.12 (Experiment II)
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From Figures 4.6 and 4.7, we can see that a heavy load pushes the server into an overload

state. Interestingly, the overload threshold decreased with the increase of the average file

size. After 320 UE’s, some connection attempts were denied (see Appendix B for the

percentage of denied requests) and SURGE’s clients gave the error message “trouble

connecting to sockets”. In SURGE, those clients with dropped connections simply resent

them resulting in a deterioration of the overall throughout [Levy-Abegnoli 1999]. This

denial of request is associated with high rate of opening and closing TCP/IP connections

for long periods of time and is one way that the Apache server uses to protect itself from

crashing or increasing the response time suddenly towards infinity. As demonstrated by

Slothouber [1996], a server allowing unlimited simultaneous connections creates a

deadlock when its resource utilization approaches 100%, since its response time sharply

climbs towards infinity. To serve the requests already in the queue and to prevent a

dramatic deterioration in the quality of service when the maximum capacity is reached,

the server should deny any new file requests. This factor increases the average latency

and has a negative effect on the overall throughput of the system (Figures 4.6 and 4.7).

The percentages of denied requests (number of timeouts / number of objects served) are

illustrated in Figure 4.8. These percentages are integrated into the server model utilized in

our simulation and will be discussed further in this chapter.
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Figure 4.8 Percentage of denied requests

4.4 Development of the Server Models

Our goal is to develop formula-based server processing models that are amendable to

integration into an ns2-based simulation system. Our approach is to model the server as

variable delay, with the amount of the delay a function of the load.  As indicated in the

figures above, we can experimentally relate the observed delay to the number of UE’s

generated by the SURGE clients. Users tend to request several objects in a session before

moving to another Web site. In our simulation system, when a client makes the first

object of a session, the number of UE’s UEN  increases by one; after the client receives

the last object of the session, UEN  drops by one. In this section, we apply polynomial

fittings (via MATLAB) to the curves in Figure 4.5 in order to parameterize the

relationships.

Due to the trend of the three curves in Figure 4.5, it is easier to fit the latency curve in

two non-linear regression fittings as demonstrated in Figures 4.10 - 4.12. In fact, one

regression fitting was attempted to describe the entire curve with unsatisfying results.

Regression fittings need to be simple and accurate, which means keeping the order of the

polynomials as small as needed to keep measurements stay on the curve or at least very
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close to it. The entire non-linear fitting must show an upward trend in order to be

realistic. Therefore, the second fitted curve must start higher than the end of the first one

for each individual graph. Some data points were used to generate both fitted curves,

helping to create a smoother transition. In Figures 4.9 - 4.11, the top graph shows the

overall fitting from 1 UE to 960 UE’s. The bottom left one shows the fitting from 1 UE to

140 UE’s, the bottom right one shows the fitting from 140 UE’s to 960 UE’s. All three

overall fittings are illustrated in Figure 4.12. Both measured and predicted results are

tabulated in Table 4.4. As we can see, each pair of the measurement and predicted value

from the curves are quite close which indicates good non-linear fittings. These curves

were used in our simulation to determine the server delay for a request as a function of

UEN . More details come in Section 4.5. These models do not take into consideration of

the specific file size, which could be an area for improvement for future work. A fixed

delay time is used for each UEN  and σ .

Figure 4.9 Regression fittings for 1.143σ =
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Figure 4.10 Regression fittings for 1.7145σ =

Figure 4.11 Regression fittings for 2.5σ =
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Figure 4.12 Regression fittings for 3 ' sσ  used

1.143σ = 1.7145σ = 2.5σ =Number of
UE’s Measured Predicted Measured Predicted Measured Predicted

1 .016 .014 .020 .022 .058 .053
10 .028 .029 .032 .029  .059 .069
20 .034 .039 .038 .041 .075 .080
40 .056 .051 .082 .073 .143 .113
60 .066 .065 .105 .119 .174 .206
100 .183 .190 .344 .329 .796 .771
120 .353 .346 .563 .575 1.306 1.326
140 .598 .600 .998 .995 2.112 2.107
200 1.892 2.131 2.327 2.597 3.402 3.832
260 3.420 3.415 4.050 3.970 5.066 5.443
320 4.907 4.695 5.637 5.331 6.922 7.025
400 6.735 6.396 7.428 7.127 9.789 9.090
480 8.082 8.090 9.213 8.901 12.062 11.104
640 11.957 11.458 12.181 12.383 15.402 14.979
800 14.956 14.799 16.082 15.778 19.350 18.649
960 17.268 18.113 18.912 19.085 21.546 22.114

Table 4.4 Measured and predicted mean latencies of Web objects
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4.4.1 Server Models

We present in the following three server processing models and their related models for

the percentage of denied requests when the load threshold is crossed. The server

processing models are used for calculating the server delay time as a function of the

number of user equivalents. The use of models for the percentage of denied requests will

be discussed in the next section.

Server processing models developed from research results:

2 4
2

2

140
140 96

3
0 1 UE UE 3 UE 4 UE UE

latency
0 1 UE 2 UE UE

a +a N a N +a N +a N 1 N
t

b + b N +b N N 0

 + ≤ ≤
= 

< ≤

where latencyt  represents the average latency time to retrieve a Web object and UEN , the

number of User Equivalents. The specific parameters obtained through the fitting

operations are summarized below in Tables 4.5 and 4.6.

Loner  F i l e  S ize 0a 1a 2a 3a 4a

=1.143σ -21.20610i -32.04610i -54.15410− i -73.42810i -104.55410i
=1.7145σ -22.12210i -44.99210i -53.28210i -74.82810− i -94.12710i

=2.5σ -25.03410i -32.44510i -57.50410− i -61.39010i -91.63610− i
Table 4.5 Parameters for polynomial fittings of the server models 1 140UEN≤ ≤

Loner  F i l e  S ize 0b 1b 2b

=1.143σ 2.177− -22.16510i -75.32710− i
=1.7145σ 2.071− -22.36810i -61.71010− i

=2.5σ 1.746− -22.86910i -63.99310− i
Table 4.6 Parameters for polynomial fittings of the server models 140 960UEN< ≤

Models representing the percentage of denied requests for320 960UEN≤ ≤ :

4
0

2 3
1 UE 2 UE 3 UE 4 UEerrors/objects c +c N c N +c N +c N= +



Chapter 4.    Server Stress Tests and Server Processing Models 70

where /errors objects  represents the average ratio of the number of “timeout” messages

to the number of objects retrieved. The specific parameters obtained through the fitting

operations are summarized below in Table 4.7.

Loner  F i l e  S ize 0c 1c 2c 3c 4c

=1.143σ -47.35310− i -51.24910i -88.13510i -123.49310i -141.52710− i
=1.7145σ -41.79510i -51.70710− i -72.42210i -101.94610− i -145.43010i

=2.5σ -45.24510− i -68.79310− i -72.28810i -101.60410− i -143.98410i
Table 4.7 Parameters for polynomial fittings of the percentage of denied requests

4.5 Integration and Validation of the Server Models

In this section, the server models are integrated into a simulation system and are

validated. Since all simulation models involve approximation and abstractions,

comparing measured and simulated results allowed us to verify the accuracy and the

predictability of the ns2 simulation model. To validate the server processing model, the

average latencies and throughputs from a simulation system were compared to those of a

comparable native single-node WWW server on a Linux platform. As this simulation

system was meant to repeat simple real-world experiments, we attempted to configure it

as realistically as possible. One single server is connected through a 10Mbps hub and

responds to all requests from clients.

User Model

As we saw in Figure 4.1, the three UNIX computers are connected to the backbone

through different 10 Mbps hubs. Each UNIX machine uses multithreading techniques to

generate the desired number of User Equivalents making requests to the server. In this

approach, each UE works on its own and makes requests to the server in parallel with

other UE’s. Assuming a network connect these UE’s within a UNIX machine, the
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bandwidth must be much higher than 10 Mbps. In our testbed, both requests from these

UE’s as well as responses from the server must go through the network interface of the

UNIX machine, which has a bandwidth of only 10 Mbps. Thus, we model the connection

between each UNIX and the 1Gbps backbone as a 10 Mbps duplex link.

Grouping UE’s within each UNIX machine using a 100 Mbps duplex link, and then

connecting the groups to the 1 Gbps backbone network via a 10 Mbps duplex link gives

simulation results that are comparable to the SURGE measurements. However,

connecting all users directly to the 1Gbps backbone through a 10 Mbps duplex link also

gives matching results. This is because the queuing delay is only a trivial part of the

overall delay compared to the server delay, which is further proved in Section 4.5.2. We

therefore adopted the simpler architecture in Figure 4.13. To reflect the actual lab testbed

for server stress-test experiments, users were divided into three groups to represent the

three UNIX machines used in the SURGE tests. In other words, all users using one traffic

input trace from SURGE represent one group, for a total of three groups. Loads were

varied in our simulations by varying the number of users and the average requesting file

sizes.
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Figure 4.13 Simplified network architecture for server processing models

Traffic Input

Three traces from the SURGE workload generator were used as input to the ns2

simulation system. These three traces were used in server stress tests in Section 4.3 and

comprise of objects (a base HTML file and several embedded files make up a Web

object), think-times between consequential object requests (after a user retrieves an object

from the server, it waits a “think” time before making another request), and number of

requests in a session (a user usually make requests for several objects from a particular

Web server before moving onto another Web server). These traces follow probabilistic

models and have been shown by Barford [Barford 1998] to be more realistic than those

found in other existing benchmarks. Traces from ISP logs are difficult to maneuver.

Since an increase in the load can occur on the basis of the number of uses accessing the

server, the size and complexity of the Web pages, and the Web pages accessed, extending
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an ISP trace to represent a higher load level is rather complicated. Using traces from

SURGE makes it possible to perform extensive experiments, especially in simulating

substantially higher traffic loads in a controlled fashion.

CPU Time Costs

In simulations of an Internet server, CPU time costs are usually modeled as a delay

[Davison 2001]. Such models therefore assume that the transmission of other data is

allowed in parallel. In real life, however, CPU time is an important resource and no

connection requests are granted when this resource is exhausted. In SURGE, the error

message “connection timed out” appears when there are no resources available. To

account for this behavior, our simulation system adds the TCP socket receiving time-out

value (180 microseconds) to the regular SURGE think-time model for the percentage of

requests ending up with a “connection timed out” message. After an object is retrieved, a

random number between 0 and 1 is generated and compared with the percentage of

denied requests associated with the number of UE’s at the time being; if this random

number falls below the percentage, 180 ms is added on top of the think-time as the new

interval that the client stays idle.

HTTP Protocol Implementations

Our current simulation system ignores the low level details of the HTTP protocol, acts as

a simple file server over the Internet, and ignores “if-modified” behaviors. “If-modified”

behaviors refer to the conditional GET requests that the identified file be transferred only

if it has been modified since the date given by the If-Modified-Since header sent out by

the client. If the file has been modified since the “if-modified-since” date, the response is

exactly as normal. Otherwise, the server only sends an “ok” status information and no file

is transferred. Clients would read the file from its cache.
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Persistent connections for HTTP/1.1 are supported. In other words, connections are left

open between consecutive object transmissions for at least 15 seconds. Our simulation

system mimics the disconnection process, which is initiated by the client when the last

connection of a sequence of request is closed.

4.5.1 Integration of the Server Models

Figure 4.14 shows the flow chart of how the server models are implemented in the ns2

simulation system.

1. A new session starts. As a request arrives at the server, if it is the first connection

request to the server, the number of user equivalents UEN  increases by 1. If there

is already at least one open connection to the server, send the request through the

open connection. Otherwise, open a connection.

2. The server sends the HTML page to this client after a delay determined by a

server processing model using UEN  as a reference.

3. Receiving the HTML page, the client decides the number of inlined images

imagen and sends requests through open connections, if imagen is higher than the

number of open connections CONNN between the client and the server, the client

opens up to 4 parallel connections to the server.

4. For each request, the server responds with the requested image file after a server

delay. Again, this delay is determined by UEN at that moment. These

request/response processes continue until all the inlined images are withdrawn.

5. If this is the last object request in a session, the client closes all open connections

to the server and UEN decreases by 1.

6. A random number between 0 and 1 is generated and compared with the

percentage of denied requests associated with UEN for the time being. If the

random number is less than the percentage, 180 ms adds to the “think time”

model as the new “think time”.
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7. The client stays idle for a “think time”. The connections leave open as defined by

persistent-connection. During the whole period, if any connection stays idle for

longer than 15 seconds which is the KeepAliveTimeOut value, the server closes

this connection.

8. After the “think time”, if all objects have been requested within a session, GOTO

1. Otherwise, the client sends request for another HTML page through one of the

open connections, if none is open, the client opens one connection; GOTO 2.
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Figure 4.14 Flow chart of the server model implementation
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4.5.2 Model Validation

We took the average of three simulation results for each UE number by varying the

random seed in the simulator. Each simulation was run for 600 seconds, which is the

same as in SURGE measurements. The average throughput of the server was measured in

terms of the number of bytes processed and number of objects served (see Appendix C

for details). In Figures 4.15 – 4.17, results from our simulations are compared with

measurements made by SURGE. As can be seen from the Measured/Simulated ratio, the

simulated results are comparable to the SURGE measurements. Our simulations less

accurately predicted the lower load latency results, however, this is not serious as we are

more interested in the higher latency regions.
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Figure 4.15 Comparisons of measured and simulated average latencies
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Figure 4.16 Comparisons of measured and simulated object throughputs
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Figure 4.17 Comparisons of measured and simulated data throughputs

In order to observe the full behavior range of clustering technology, our server

simulations were assumed to have an environment free of bandwidth constraints.

However, our hardware resources were limited to a network speed of 10 Mbps and we

were therefore unable to completely verify whether the server processing models are safe

to apply in a 100 Mbps network environment. If the network delay is, in fact, a big part of

the average latency, then the server processing models developed will consist of both
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server and network delays. If not handled properly, these server models will then

exaggerate the server delay, especially when the number of UE’s is large. There are two

ways to determine whether the network delay is an issue. One approach is to simulate the

server processing model in a 100 Mbps network environment to determine the differences

in average latencies compared to those in a 10 Mbps network. The second way is to

assume zero server processing times, and develop a network delay model: a modified

server processing model can then constructed by subtracting the network delay from the

original server processing model.

Figures 5.18 – 5.20 show the ratios of simulated results from a 100 Mbps network to

those from a 10 Mbps network environment. Results from these two network

environments are very close, which indirectly proves that the network delay is not

significant in the server processing model. These results mean that it is safe to apply the

server processing model in a 100 Mbps network environment.
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Figure 4.18 Comparisons of average latencies between 100 Mbps and 10 Mbps network environments
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Figure 4.19 Comparisons of object throughputs between 100 Mbps and 10 Mbps network environments
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Figure 4.20 Comparisons of data throughputs between 100 Mbps and 10 Mbps network environments

In testing the second approach, we found that the revised server model significantly

underestimated the server delays, as is shown in Figure 4.21. Assuming zero server delay,

the time for the request/response process is dramatically shortened, which results in much

more frequent object requests. Thus the network queuing delay is aggravated because of

the increase in traffic.
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4.6 Summary

In this chapter, we described our SURGE-based stress-tests of a Linux server and used

the results to built server models of the server that relate delay to the number of UE’s in

the system. These were integrated into an ns2 simulation and further validated by

comparing the latency predictions obtained from simulations with experimental results.

These server models create the basis on which the clustering server architectures

presented in Chapter 5 are constructed.



Chapter 5

Simulations and Results

The purpose of this research is to study server clustering technologies. One possible

methodology is to set up a large testbed of real equipment and to experiment with real

network traffic; however, building such testbeds is expensive and they are quite difficult

to reconfigure. As the Internet and its servers change constantly, it is difficult for an

individual group to acquire all resources needed to create a comprehensive and state-of-

the-art networking environment. This limitation causes lack of standardization and

renders reproduction of results by different sources unlikely. Another way to study server

cluster technologies is by using a simulation system which, through formulas, mimics

real world machines, networks and their characteristics. This method is abstract and does

not involve real data transmission. It allows for easy maneuverability and uses very little

resources. Another advantage of this simulation method is the exploration of possible

future Internet architectures. We adopted this formula-based approach in our studies;

however, in order to ensure a basis in “reality”, we based our server models on real

measurements, as discussed in Chapter 4.
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Our simulation system does not model all aspects of the Internet. Specifically, it does not

model all traffic on relevant network links and does not attempt to perfectly match the

actual host and network characteristics. In our simulation system the same network and

host characteristics are given to each node and there are many fixed parameters in the

models of the client, the network, the traffic and the server. In the real world, these values

would be a function of ever changing conditions. The performance numbers shown in all

figures and tables in this chapter can be useful for algorithm comparisons, but they should

be taken with a grain of salt. The proposed network model is not comparable to the

complexity of the real Internet.

5.1 Simulation Configurations

Figure 5.1 illustrates the server simulation model comprising of three components. The

simulation system includes a clustered web-server model, a web-client model and a load

balancer model. The user model, traffic input and HTTP/1.1 protocol implementations

are the same as mentioned in Chapter 4.
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Figure 5.1 The clustered server simulation system architecture

5.1.1 Server Model

The web-server model contains a load balancer that functions as a “gateway” or a

“switch” for server clusters. This component allows several server stations to appear as a

single real server for processing HTTP requests. They are all interconnected with a

100Mbps router. Each server station has its CPU, central memory, hard disk and network

interface and stores the same documents. The server processing model is based on the

characteristic describing the average delay vs. number of user equivalents which was

presented in Chapter 4. The number of user equivalents connecting to the server is used

as a reference. In default, there are 4 server stations in a cluster.

5.1.2 Load Balancer Model

Both one-way (switch) and two-way (gateway) architectures are presented in this thesis.

In the “gateway” architecture, both inbound and outbound traffic go through the load



Chapter 5 Simulations and Results                                                                                  85

balancer. In this architecture, the packets are rewritten at the TCP/IP level by the load

balancer. Packet rewriting is based on the IP Network Address Translation (NAT)

approach which is described in detail in Chapter 2. Our simulation system adds a

75 sµ delay [Bestavros 1998] as a load balancing delay to account for each packet

rewriting. Both the inbound and outbound packets experience rewriting delay. In the

“switch” architecture, the outbound responses are sent directly to the users. In other

words, the load balancer hands off the TCP connection to the selected server station. The

routing from the load balancer to the server station can be achieved by rewriting the IP

destination address or by forwarding the packet at the MAC level. Only the inbound

packets experience extra delay as a result of packet rewriting in this approach, which

becomes particularly important when serving large volumes of data.

Load balancers employ different routing strategies to balance the load across the system.

In this thesis, five scheduling algorithms were studied. These five scheduling schemes

represent three of the four classes of load balancing algorithms covered in Chapter 2. The

only class we did not talk about is the content-based scheduling which is left for future

work. The Round-Robin and Random policies do not count on any load information for

load distribution, while the Least-Connection algorithm uses “instantaneous” connection

information as a reference. The Round-Trip and Transmitted-Size methods calculate the

statistics of the history state information. For definitions of those algorithms, refer to

Chapter 2. In our simulations, we implemented these algorithms in the following manner:

1. Round-Robin (RR): A new connection request is assigned sequentially to the

servers

2. Transmitted-Size (XSIZE): In this algorithm, the load balancer keeps track of the

number of bytes transmitted from each server and chooses the one with the

smallest count inside an averaging window. The default averaging window is 1

second. This value, if set too large, would cause the load balancer slow to respond

to the sudden change in load. We consider 1 second reasonably small. To simplify
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our experiments, the count is reset at the end of every averaging window. When

two or more server stations have transmitted the same amount of bytes, the one

with the least connections is chosen.

3.  Least-Connection (CONN): The server with the least number of open

connections is selected. A random choice is made among servers having the same

number of connections. The interval for polling the server stations is 1 second.

We assume this value the smaller the better, since it will give “instantaneous”

state information of the server stations. To poll state information, an information

port is installed on the server station. In typical implementation [Bryhni 2000], the

HTTP server would periodically posts current load information to a load port that

is independent of the HTTP process. The information port then replies to load

queries from load balancer with a small UDP packet, implying an associated cost.

We will discuss the impact of this polling interval on the load balancing later.

4. Round-Trip (RT): In this algorithm, the load balancer keeps track of the times

between forwarding the requests to servers and receiving the first byte of the

response. This information is then used to calculate the mean round-trip in an

averaging window and to decide on the server assignment. This scheme is only

realistic for the gateway architecture, since the traffic in both directions goes

through the load balancer. For comparison, we also implemented this algorithm

under the switch architecture. The time between load balancer’s forwarding the

request to servers and the client’s receiving the first byte of the HTML page is

recorded instead for the switch architecture. The mean round-trip value is reset at

the end of the averaging window. As in the transmitted-size algorithm, one of the

drawbacks of this scheme is the discontinuity of the averaging window. Both

algorithms lose history information and depend solely on the number of

concurrent open connections for scheduling decisions when the averaging window
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is reset. The default averaging window is 1 second which is the same as in

[Bryhni 2000]. The significance of this value will be discussed.

5. Random (RAN): The load balancer randomly assigns new connection requests to

servers.

5.1.3 Network Model

In our network model, the load balancer connects the cluster’s server stations to the 1

Gbps backbone network. The backbone network is connected to the load balancer by a

100 Mbps hub. Under the “switch” architecture, this hub also connects the serer stations

to the backbone network. Users are directly connected to the backbone via a 10 Mbps

duplex link.

5.2 Simulation Results

In this section, we will present simulation results on latency, throughout, load balancing,

and parameter alternating. Discussions on the implication of the results will follow each

presentation. All simulation results are reported in detail in Appendix D.

5.2.1 Alternative Implementations

Prior to our study, we tried to duplicate results from [Bryhni 2000]. In his paper, Bryhni

compared four scheduling algorithms: Round-Robin, Connections, Round-Trip and

Xmitbyte (Transmitted-Size). Trace-driven simulations based on HTTP/1.0 protocol were

carried out on a lab testbed. The implementations of the Round-Robin, Round-Trip and

Xmitbyte schemes are exactly the same as ours. While in his Connections (denoted

Bryhni-CONN from now on), we observed that when two or more server stations have

the same number of active connections, the load balancer then chooses the one with the

lowest server identifier [Bryhni 2000]. Compared to the Least-Connection scheme

introduced earlier, the Bryhni-CONN method favours server stations with low server
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identifiers to those with high numbers; whenever a request arrives to an empty system,

the same server is chosen each time.

For comparisons, we implemented both the HTTP/1.0 and HTTP/1.1 protocols in our

simulation. Figure 5.2 shows that the Bryhni-CONN-HTTP/1.0 method created an

unbalanced load-distribution. This behaviour was also reported by Bryhni: strong load

skew toward server stations with low number identifier [Bryhni 2000]. We extended

Bryhni’s results to a new version of the HTTP protocol. Bryhni-CONN-HTTP/1.1 also

has some imbalance, although far less serious (Figure 5.3). These differences are due to

the implementation of HTTP/1.1- Persistent Connection. Instead of closing each

connection after the request is served, which results in high chance that a request arrives

at an empty system, HTTP/1.1 leaves the connection open for consecutive requests. In

this way, more open connections are maintained. Once the number of UE’s crossed a

threshold, the probability of a request arriving at an empty system becomes negligible.

Also, the transitions in the number of open connections are smoother compared to those

in HTTP/1.0. We are not able to compare the average latency or throughput between

these two, since our server processing models were developed using HTTP/1.1-Persistent

Connection.
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Figure 5.2 Percentage of bytes transferred (HTTP/1.0, Bryhni-CONN-G, 1.143σ = , 640UEN = )
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Figure 5.3 Percentage of bytes transferred (HTTP/1.1, Bryhni-CONN-G, 1.143σ = , 640UEN = )

We also implemented the Round-Robin, Round-trip and Transmitted-Byte algorithms in

HTTP/1.0 and were able to replicate Bryhni’s results [Bryhni 2000] in general

conclusions. Round-Robin and Round-Trip methods achieve a fairly even load balancing

in HTTP/1.0. Transmitted-Size schemes in both HTTP/1.0 and 1.1 have a skew toward

lower numbered server stations (Figures 5.4 – 5.5).
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Figure 5.4 Percentage of bytes transferred (HTTP/1.0, XSIZE-S, 1.143σ = , 640UEN = )
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Figure 5.5 Percentage of bytes transferred (HTTP/1.1, XSIZE-S, 1.143σ = , 640UEN = )

Even though Bryhni-CONN creates the most serious imbalance in load distributions,

Bryhni recommended Bryhni-CONN scheme, followed by Round-Robin on the basis of

average response time and the algorithm complexity. He argued that slow responsiveness

in the Round-Trip and Transmitted-Size algorithms leads to scheduling of request batches

with good connection distribution but bad distribution with regard to response time. We

will have further discussion of this argument later in this chapter.

The fact that we duplicated Bryhni’s work is an indication of the validity of our

simulator. We now proceed with the other simulation results.

5.2.2 Latencies and Throughputs

In Figures 5.6 – 5.8, the mean latencies and throughputs are compared in bytes/second

and in number of objects served/second, for 1.143σ =  and 640UEN = where UEN is the

number of User Equivalents. They show the typical behaviours of the different

scheduling algorithms’ behaviours (Refer to Appendix D for other results). As can be

observed, the “switch” architecture outperforms the “gateway” architecture. As responses

from servers do not go through the load balancer in the “switch” architecture, rewriting

the packet is not needed, resulting in a smaller average response time. From the bar

graph, we observe the following:
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XSIZE  à RT à RR ≈  RAN ≈  CONN

Slowest à Average Latency à Fastest

Smaller à Throughputs à Larger

The average latency for CONN is slightly less than those for RAN and RR (Table 5.1).

We noticed that the response time distribution exhibits large skew and long tails for each

of the distributions, with the distribution being strongly related to the characteristics of

the files sizes on the server. Each sample size for response time distribution is way over

50000. The measurement of means is highly sensitive to the extreme outliers. Examining

the stem-and-leaf plots for response time distributions in Appendix E reveals that most

response times for RR and RAN spread between 0 and 4, while most of the response

times for CONN center between 2 and 3. Some extreme outliners cancel out the effect of

small values for RR and RAN. Therefore the mean is not accurate in predicting the

scheduling algorithm giving the lower response time. A 90-percentile is more appropriate

in this case. It represents the latency point where 90% of the object requests in the dataset

have a lower latency than that. Table 5.1 summarizes the mean, 95% confidence intervals

and 90-percentile with 1.143σ = . Clearly, the Least-Connection scheme outperforms the

other algorithms. The Round-Robin algorithm overall gives slightly lower 90-percentile

of the response times than the Random scheme. A revision was made to the ordering of

the response times:

XSIZE à  RT à  RAN à  RR à  CONN

This result is shown repetitively across the range of UEN . We come up with the same

order when σ  increases. Bryhni reported in his research [Bryhni 2000] that

“The Connections algorithm outperforms the algorithms that strive to estimate load

based on history (Round-Trip and Transmitted-Size). On average, it gives slightly

better response times than the round-robin algorithm.”  “This is explained by the fact

that many of the requests in the simulated traces are of the same kind; thus, it is
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sufficient to count only connection state information (connections algorithm) or just

perform round-robin scheduling.” [Bryhni 2000]

These findings concur with our results. Only measurements of the average latency were

used in Bryhni’s study. We mentioned in Chapter 2 that the Round-Robin algorithm is

effective when responses are of relatively-uniform size chunks and when computing

powers of workstations are relatively comparable. This is exactly the case with our

traffic. A sequence of non-optimal requests can create huge imbalances in loads among

servers, which might render RR and RAN algorithms very inefficient.
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Figure 5.6 Average latency comparisons ( 1.143σ = , 640UEN = )

mean
95%

Confidence
Interval

90-percentile

RR-G 2.113 (2.060, 2.167) 3.780
XSIZE-G 2.504 (2.442, 2.567) 6.358
CONN-G 1.993 (1.943, 2.042) 2.591

RT-G 2.323 (2.272, 2.374) 6.244
RAN-G 2.149 (2.096, 2.201) 3.734

Table 5.1 Summary statistics ( 1.143σ = , 640UEN = )
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Figure 5.8 Data throughput comparisons ( 1.143σ = , 640UEN = )

The Transmitted-Size algorithm using the gateway architecture performs the worst out of

the systems compared and we now demonstrate the efficiency of clustering technology by

comparing its performance to that of the traditional single server. As we can see from

Figures 5.9 – 5.11, Web clustering offers greatly superior performance than the

traditional servers, both in terms of average latency and throughout. This result is more

obvious under heavy workloads.  When the number of user equivalents hits 140, at which

point, the traditional server is overloaded, the difference in performance between

clustered server and traditional server steadily increases with UEN  until the system

throughput peaks at around 700 UE’s. At this threshold, the system throughput of the

clustered server is about four times the maximum throughput of a single server. Beyond

this point, the system more or less maintains this maximum throughput. We conclude that
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this clustered server is overloaded at 700 UE’s. We consider this as a fair number, since

the load threshold of a 4-node cluster is about 4 times that of a single server, the same

with the peak throughput. These numbers mean that each server station in a cluster

achieves its peak performance. As mentioned before, using several cheaper servers can

achieve performance comparable to one high-performance model. Older models would

not be wasted, the cost would be inexpensive compared to a high-end model and the

server capacity can be extended by adding new stations as the workload increases.
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Figure 5.9 Average latencies for single server and XSIZE-G clustered server ( 1.143σ = )
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Figure 5.11 Data throughputs for single server and XSIZE-G clustered server ( 1.143σ = )

5.2.3 Load Balancing

The primary challenge of cluster architectures is to adequately balance load requests

amongst servers. In an ideal situation, resources would be equally distributed and the load

would be balanced, resulting in similar response times from all servers. Figure 5.12 show

the histograms of loads under each of the five scheduling algorithms. The X-axis

represents a range of concurrent open connections. The Y-axis represents the number of

occurrences corresponding to the load. With an efficient scheduling scheme, all four

servers would receive approximately the same number of connections, which means the

distribution would concentrate around 150 – 200 connections for the case of 640 UE’s. A

“wider” spread of the distribution is an indication of an inferior policy, since the load is

unevenly distributed, some servers get extremely large number of connections, while the

rest receive very small number of connections.
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Figure 5.12 Rank of connections 1.143σ = , 640UEN =

Obviously, the CONN policy has the minimum spread and achieves the best load

balancing. We order the load balancing efficiency of the five policies as:

XSIZE à RT à RAN à RR à CONN

Least Efficient à Most Efficient
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Tables 5.2 and 5.3 summary the mean, 10th percentile, 90th percentile and the load

imbalance index defined by “1+ (90th percentile – 10th percentile) / 2 / mean” [Aversa

2000]. The order of the imbalance index agrees with the order above, it also agrees with

the order for the response time in Section 5.2.2. These agreements again prove that more

efficient load balancing scheme results in lower response times.

Connections

Mean 10th Percentile 90th Percentile

Imbalanc
e

Index
RR-G 155 119 197 1.25

XSIZE-G 151 89 218 1.43
CONN-G 149 136 162 1.09

RT-G 154 96 216 1.39
RAN-G 152 110 196 1.28

Table 5.2 Summary statistics for connections 1.143σ = , 640UEN =

Connections
Mean 10th Percentile 90th Percentile

Imbalane
Index

RR-G 160 133 188 1.17
XSIZE-G 158 69 245 1.56
CONN-G 156 146 167 1.07

RT-G 158 87 202 1.36
RAN-G 157 106 201 1.30

Table 5.3 Summary statistics for connections 2.5σ = , 640UEN =

However, it is not trivial work to collect information about the instantaneous number of

concurrent open connections. Quite often, people use traffic traces recorded in the server

logs to analyze the load balancing. Figure 5.13 illustrates the percentage of objects

transferred from each server in the server cluster with 640 UE’s and 1.143σ = . This

behavior is typical of clustered servers when the number of UE’s is greater than 50.

Comparing Figure 5.13 and 5.14 we see that the relative difference between the five

algorithms remains the same in terms of objects transferred when σ increases from 1.143

to 2.5. The load balancing distribution has different characteristics for UE’s smaller than

50. When 50UEN < , most requests arrive in an empty system, thus the load distributions
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tend to be skewed toward the servers with lower server identifier, i.e. the servers with

lower server identifier fulfill more requests. Figure 5.15 gives an example of the

percentage of objects served by each server using the Transmitted-Size algorithm when

there is only one user equivalent loading the system.
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Figure 5.13 Percentage of objects transferred 1.143σ = , 640UEN =

18%
20%
22%
24%
26%
28%
30%

RR-G

XSIZE-G

CONN-G
RT-G

RAN-G
RR-S

XSIZE-S

CONN-S
RT-S

RAN-S

server 1

server 2

server 3

server 4
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Figure 5.15 Percentage of objects served (XSIZE-G, 1.143σ = , 1UEN = )
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Referring again to Figures 5.13 and 5.14, it is seen that the “gateway” and “switch”

architectures produce results that are quite similar. Each server handles roughly the same

number of objects for Round-Robin, Random and Least-Connection algorithms.

However, this is not the case with Transmitted-Size and Round-Trip schemes. The

uneven distributions of objects among servers results from the uneven load distributions.

As in Chapter 4, we collected throughput results in bytes/second. We observe from

Figure 5.16 and 5.17 that the load balancing measured in bytes transferred show more

variability than that measured in objects processed. Whenσ increases, this variability gets

worse. From Figure 5.16, we can still claim that data throughput analysis leads to the

same conclusions as object throughput analysis. We can hardly draw any conclusion from

Figure 5.17. As mentioned in Chapter 4, the increase ofσ represents the increase usage of

audio and video contents on the Internet. Increasingσ dramatically increases the average

file sizes. When σ is small, each object carries approximately the same amount of bytes;

bytes transferred measurement and objects served measurement present very similar load

balancing results. A largeσ greatly affects bytes transferred measurements. In other

words, the bytes transferred measurement is very dependant on the traffic pattern. As for

objects served, it accurately reflects the number of open connections to the server, which

has a direct influence on the server’s CPU and memory usage, i.e. workload. Along with

our previous observation about distributions of the concurrent open connection and object

served measurements, this result shows the superiority of using objects served over bytes

transferred to accurately represent load balancing. Further discussions on the effect of

average file size can be found in Section 5.2.4.
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Figure 5.17 Percentage of bytes transferred 2.5σ = , 640UEN =

Round-Trip and Transmitted-Size perform poorly both in terms of average latency and

load balancing. This observation is different from Bryhni’s claim that the Round-Trip and

Transmitted-Size algorithms leads to good connection distribution but bad distribution

with regard to response time [Bryhni 2000]. In fact, the Transmitted-Size results in

Bryhni’s report also show a strong skew toward the server with low number identifier as

we demonstrated in Section 5.2.1. But the skew in the case of Transmitted-Size is not as

significant as that in Bryhni-CONN case which could be the reasoning that led him to his

conclusions. Bryhni-CONN scheme favors the servers with low number identifiers, while

we apply a random selection among servers with the same number of connections, which

helps distribute the workloads.
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5.2.4 The Effect of Average File Sizes

In Chapter 4, we developed three server processing models with differentσ ’s to represent

increasing multimedia usage on the Internet. File size has a negative impact on latency,

which was expected. With the increase ofσ , the object throughput decreases, the data

throughput increases (Figures 5.18 – 5.20), while the loads distribution among the servers

stays about the same in terms of objects and varies more in terms of bytes (Figure 5.21).
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Figure 5.20 Comparison of data throughputs with different ' sσ  (RR-S)
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Figure 5.21 Load balancing in term of bytes with different average file sizes (RR-S, 640UEN = )

5.2.5 The Effect of Number of Servers in a Cluster

The number of server stations in a cluster directly influences the number of UE’s attached

to the servers, which controls the server delay. To illustrate this point, let’s take

“gateway” architecture with the Round-Robin algorithm as an example. Figure 5.22

shows that increasing the number of servers in a cluster dramatically decreases the

average latency under heavy loads. Figures 5.23 – 5.24 illustrate that the object

throughput and data throughput show very similar trends. As can be expected, the

asymptote giving the maximum throughput increases with the number of servers in a

cluster. Figures 5.25 – 5.26 help us to clearly see the efficiency of increasing the number
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of servers in a cluster, where average latency ratio tR  and the object throughput ratio

oR are respectively defined as:

1

1

t server N server

o N server server

R t / t
R O / O

− −

− −

=
=

where N servert − is the average latency and N serverO − is the object throughput of a cluster with

N servers.
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Figure 5.22 Effect of varying the number of servers on the average latency (RR-G, 1.143σ = )
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Figure 5.24 Effect of varying the number of servers on the data throughput (RR-G, 1.143σ = )

When the number of User Equivalents is less than 140, there is not much saving in the

average latency or increase in the throughput. As the clustered server is under-loaded, a

request most likely arrives to an empty system. We found that 2-node cluster is

overloaded when the number of UE’s reaches 280. Figure 5.23 indicates that the peak

system throughput holds steady once this threshold has been reached. The throughput for

a cluster with 4 nodes continues to increase and reach its threshold at about 600 UE’s. In

our simulations, the throughout of the 8-node cluster continue to increase beyond the 4-

node threshold. As we were unable to simulate a number of user equivalents higher than

960, we could not determine the 8-node cluster’s load threshold. In our simulations, we

found that when a cluster with N servers is under heavy loads, it can achieve an average

latency 1/N of that from a single server. As for throughput, it was found to be almost N

times higher than that of the traditional server.
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Figure 5.25 Average latency ratios tR (RR-G, 1.143σ = )
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Figure 5.26 Object throughput ratios oR (RR-G, 1.143σ = )

5.2.6 The Effect of Network Performance Parameters

At the beginning of this chapter, we mentioned that our server processing model can be

applied in a 10 Mbps or a 100 Mbps network environment, and that we wanted to study

the full behaviour range of clustered servers: i.e., the region where clustered server is the

bottleneck as opposed to the network. In this section, we study the opposite situation in

which the network becomes a bottleneck. As shown in Figure 5.27, the connection

between load balancer and the 1 Gbps backbone network is changed to 10 Mbps. The
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same change applies to the connection between the cluster router and the backbone

network. Under heavy load, the average latencies for 10 Mbps network are much higher

than those for 100 Mbps (Figure 5.28). Network bandwidth limits the data throughput as

illustrated in Figure 5.29.
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Server 1 Server 2 Server M
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Figure 5.27 The alternative simulation architecture
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Figure 5.28 Comparison of average latencies under two different network environments (CONN-G, 1.143σ = )
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Figure 5.29 Comparison of data throughputs under two different network environments (CONN-G, 1.143σ = )

5.2.7 The Impact of Averaging Windows

In order to fully understand the behavior of the servers we study, we found it crucial to

vary some parameters. The duration of the averaging window, for example, significantly

affects the performance in the Transmitted-Size, Least-Connection and Round-Trip

policies. In general, bigger window sizes cause the history information to be averaged

over a longer period of time, while smaller ones cause the load balancer to recalculate

balancing criteria more frequently which can provide rapid response to changing
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conditions. As expected, performance of all policies tends to improve for higher values of

the frequency of load information broadcasts. This phenomenon could be attributed to

better load balancing with shorter window size. Unfortunately, however, there is a cost

involved with polling the server stations. Using relatively short update periods places a

heavy burden on the load monitor since it has to poll individual server stations more

frequently. We did not simulate this polling process in present simulation system.

However, it could be accommodated in future work. At this point, we can not comment

on the effect of this cost on the performance.

From Figures 5.30 and 5.31, we can see that when the averaging window size reduces to

0.1s for the Transmitted-Size scheme, the average latency decreases significantly. Table

5.4 confirms that the performance level dramatically increases. The histogram of the

ranks of connections (Figure 5.32) and imbalance index (Table 5.5) illustrate that the

spread of the load distribution greatly shrinks. Figure 5.33 illustrates that the XSIZE

policy with averaging window of 0.1s achieves even object throughput distributions.
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Figure 5.30 Comparison of average latencies with different averaging windows (XSIZE-G, 1.143σ = )
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Figure 5.31 Comparison of object throughputs with different averaging windows (XSIZE-G, 1.143σ = )

mean
95%

Confidence
Interval

90-percentile

RR-G 2.113 (2.060, 2.167) 3.780
XSIZE-G-1s 2.504 (2.442, 2.567) 6.358

XSIZE-G-0.1s 2.197 (2.141, 2.254) 4.693
CONN-G 1.993 (1.943, 2.042) 2.591
RAN-G 2.149 (2.096, 2.201) 3.734

Table 5.4 Summary statistics ( 1.143σ = , 640UEN = )

Connections

Mean 10th Percentile 90th Percentile

Imbalanc
e

Index
XSIZE-G-1s 151 89 218 1.43

XSIZE-G-0.1s 153 109 205 1.31
CONN-G 149 136 162 1.09
RAN-G 152 110 196 1.28
Table 5.5 Summary statistics for connections XSIZE-G, 1.143σ = , 640UEN =
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Figure 5.32 Rank of connections under XSIZE-G policy 1.143σ = , 640UEN = , averaging window = 0.1s
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Figure 5.33 Percentage of objects served (XSIZE-G, 1.143σ = , 640UEN = , averaging window = 0.1s)

We found from Figures 5.34 – 5.35 that a threshold ≥  8s decreases the performance of

Least-Connection algorithm. A threshold between 0.1s to 4s performs equally well.
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Figure 5.34 Comparison of average latencies with different averaging windows (CONN-G, 1.143σ = )

Number of User Equivalents

800
480

320
200

120
60201

O
bj
ec

t T
hr

ou
gh

pu
t (
ob

je
ct
s/
se

co
nd

)

140

120

100

80

60

40

20

0

0.1s

1s

4s

8s

Figure 5.35 Comparison of object throughputs with different averaging windows (CONN-G, 1.143σ = )

Figures 5.36 – 5.37 compare the average latencies and throughputs for Round-Trip

algorithms with different averaging window size. An even better performance boost was

found for the Round-Trip algorithm with 0.1s averaging window than those for the

Transmitted-Size scheme with 0.1s threshold. We conclude that with sufficiently small

averaging windows, Round-Trip algorithms can achieve performance level comparable to

that of the Least-Connection schemes (Tables 5.6 – 5.7). From Figure 5.38, we see that

the load distribution is more concentrated when the averaging window is smaller. The
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Round-Trip policy keeps track of the times between forwarding the requests to servers

and receiving the first byte of response. When the averaging window is small enough, the

load balancer is effectively sending dynamic probes to all servers and selecting the first to

reply, which is exactly dynamic or run-time scheduling scheme introduced in Chapter 2.

This experiment shows that the Round-Trip method with small enough averaging window

is definitely better than Transmitted-Size policy, even though they both belong to the

statistical algorithms. The Round-Trip policy can only be implemented in “Gateway”

architecture.
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Figure 5.36 Comparison of average latencies with different averaging windows (RT-S, 1.143σ = )
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Figure 5.37 Comparison of object throughputs with different averaging windows (RT-G, 1.143σ = )
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Figure 5.38 Rank of connections under RT-G policy 1.143σ = , 640UEN =

mean
95%

Confidence
Interval

90-percentile

RR-G 2.113 (2.060, 2.167) 3.780
CONN-G 1.993 (1.943, 2.042) 2.591
RT-G-1s 2.323 (2.272, 2.374) 6.244

RT-G-0.1s 2.078 (2.022, 2.135) 2.719
RAN-G 2.149 (2.096, 2.201) 3.734

Table 5.6 Summary statistics ( 1.143σ = , 640UEN = )
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Connections

Mean 10th Percentile 90th Percentile

Imbalanc
e

Index
RT-G-1s 154 96 216 1.39

RT-G-0.1s 155 144 163 1.06
CONN-G 149 136 162 1.09
RAN-G 152 110 196 1.28

Table 5.7 Summary statistics for connections RT-G, 1.143σ = , 640UEN =

5.3 Summary

In this chapter, we presented the structure of our simulation environment and ran a

number of experiments on clustered server architectures. The results lead us to the

following conclusions:

• “Switch” architectures were found to work better than “gateway” architectures,

since the responses from servers are sent directly to users without going through

the load balancer, which can become a bottleneck.

• The Least-Connection technique is found to be most efficient method in reducing

average response time and load balancing. The average latencies for the Round-

Robin and Random algorithms are slightly more than that for the Least-

Connection policy for the types of traffic considered.

• The mean is sensitive to extreme outliners and this is not a good indication of low

response times. A 90-percentile is more appropriate. The Least-Connection again

achieves the best in terms of 90-percentile. We order the five algorithms from the

slowest to the fastest when the averaging window is 1 second: XSIZE à RT à

RAN à RR à CONN. A dynamic or run-time scheduling algorithm achieves the

best performance. This result leads us to believe that it is sufficient to for load

balancer to make their decisions solely on the basis of the connection state

information.
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• Simple load balancing algorithms, such as the Round-Robin, Random, and Least-

Connection techniques, were found give better performance than the Round-Trip

and Transmitted-Size methods (averaging window = 1s), which are both based on

load statistics. The performance of algorithms that rely on statistical estimations is

limited by the accuracy and variability of the collected data. Given small enough

averaging windows, the Round-Trip algorithm can achieve the same performance

level as the Least-Connection scheme. But it can only be implemented in the

“Gateway” architecture.

• When the network is not a bottleneck, increasing the number of server stations in

a cluster can significantly lower the average latency and increase throughput

under heavy loads. The threshold of the maximum throughout increases with the

increase of the servers in a cluster. An N-node cluster can achieve an average

latency 1/N of that from a single server and a throughput approximately N times

high than that of a single server.

• When the bandwidth of connection between the Internet and the cluster (load

balancer in the case of “Gateway” architecture, load balancer and server stations

in the case of “Switch” structure) creates a bottleneck, increasing it will

substantially lower the average latency, and allow the clustered servers to achieve

their maximum efficiency.

• Average file sizes have a negative effect on the response time and the load

balancing. With the increase ofσ , fewer objects are served while more data are

transferred. As to the load balancing, the “bytes transferred” measurement

(percentage of bytes transferred) highly depends on the traffic pattern. The

“objects served” measurement accurately reflects the server’s workload and is

superior in representing load balancing.

• For those scheduling algorithms involving an averaging window, the clusters can

achieve better results with small window size. The Least-Connection algorithms
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with averaging window of 0.1s to 4s perform equally well. A threshold higher

than 8s hurts performance. For the Round-Trip and Transmitted-Size schemes, an

averaging window of 0.1s significantly boosts the performance.



Chapter 6

Conclusions

Web-server architectures that use clusters of workstations interconnected by a high-

performance network are more scalable, cost-effective and reliable than single processor

or tightly coupled multiprocessor systems. However, in implementing a clustered Web

server it is crucial to use an effective load-balancing strategy that is matched to the traffic

and user pattern seen by the server. Unfortunately, it is a difficult and involved task to

evaluate the performance of alternative strategies. In this thesis, we presented a formula-

based simulation system on clustering Web server technologies. Server models were

developed for particular (but realistic!) traffic patterns and user behaviors by stress

testing an Apache 1.3.12 web-server using the SURGE testing tool. In contrast to many

simulation-based methods we were able to model the CPU time costs as both delays and

as uses of resources: no connections are allowed once the CPU resource is exhausted,

which prevents the response time from jumping dramatically towards infinity. Once the

server models were developed and verified, it was straightforward to setup ns2 to

generate traffic that matches that used in the SURGE tests and to then experiment with

different network and clustering configurations. This simulation system is used to

demonstrate the feasibility of formula-based simulation in the study of load balancing and
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to draw some conclusions regarding the performance of different load-balancing

architectures and scheduling algorithms. We found no other studies on clustering servers

solely based on a formula-based simulation system. In our literature review, we

discovered some studies on real servers using real traffic traces [Bryhni 2000] [Carrera

2000]. Unfortunately, due to the complexity and extensive resources required, these

studies could not be as extensive and controllable. Reconfiguring real servers is difficult

and time-consuming.

Through the process we described in this thesis, we demonstrated that our approach is

both valid and useful for choosing the best clustering architecture and scheduling

algorithm suited for Web sits having specific content. After a straightforward hardware

characterization via SURGE, the simulation system can be used to quickly survey a range

of potential variations for a given distribution of server files and request parameters. Most

important, the simulations predict expected behaviors of new protocols and designs

without implementation costs or disruptions of existing system. The simulation system

we built can be extended to include the characteristics of dynamic and secure requests

and used to study the effect of these transactions on the clusters. SURGE programs could

be modified to make dynamic or secure requests in order to come up with delay models

for dynamic and secure requests. These models will then be integrated into our simulation

system. Since the same traffic trace is used for SURGE and ns2 simulations, our effort

would be focused on building realistic server models.

Our models involved approximations to real world machines and networks as well as

limitations in resources. The simulation system included all key system components

(user, network, clustered server and load balancer models) and gave us valuable

information about the general performance of the Web clustering technologies. To give

us an idea of the accuracy of our simulations, we validated the server processing model
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by comparing simulated results and measurements from SURGE experiments. The server

processing models were shown to be reasonably close to the real world experience in

terms of performance. At the beginning of our simulations, an alternative method from

Bryhni was compared to our Least-Connection scheme to illustrate the difference

between the HTTP/1.0 and HTTP/1.1-persistent connection protocols. The ability to

replicate some of Bryhni’s results is a strong indication that our simulation system works.

Our work extends Bryhni’s results to HTTP/1.1.

In the course of this thesis, we studied two clustering architectures, five scheduling

algorithms and the effect that the number of servers in a cluster has on load balancing.

Load balancers work either as gateways or switches and are responsible to choose the

best server to satisfy incoming requests. Load balancing algorithms are meant to optimize

request distributions according to Round-Robin, random schemes, current load (Least-

Connection) or historical performance (Transmitted-Size, Round-Trip). Both raw

performance data and load balancing data played an important role in this study. Our

simulations showed that clustering servers is a good idea and that it reduces the response

time and increases the throughput.

We drew some conclusions from our simulations:

• The 90-percentile is more appropriate in predicting the performance of response

time. The measurement of means is highly sensitive to the extreme outliers.

• Clustered servers outperform traditional one-node servers. Given that the network

does not create a bottleneck, Web clusters with N servers can reduce the average

latency up to 1/N that of a traditional single server, and increase the throughput up

to N times that of a single server.

• The replies should not be routed through the load balancer.
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• For the traffic and server profiles studied, we find that load-balancing schemes

that are based upon the number of active connections to each server give the best

performance. Scheduling schemes such as Round-Robin and random are easy to

implement and work generally as well or better than complicated schemes based

on historical performance, such as Transmitted-Size and Round-Trip, in terms of

reducing response time and better load balancing.

• The traffic pattern has a significant impact on the percentage of bytes transferred

measurement. The percentage of objects transferred parameter is superior in

representing the load distributions on the servers.

Some of the conclusions we drew from our experiments are similar to Bryhni’s

conclusions in his load balancing experiments in [Bryhni 2000]. For example, Round-

Robin and Least-Connection schemes outperform scheduling algorithms based on

history, such as Round-Trip and Transmitted-Size schemes. Also, the Round-Robin

algorithm is recommended due to its simple implementation, low response time and good

load balancing. We also studied the impact of varying the frequency of load information

broadcasts. An averaging window ranging from 0.1 to 4 seconds performed equally well

for Least-Connection policy while a threshold of 8 seconds deteriorates the performance.

For Transmitted-Size and Round-Trip algorithms, the clusters can achieve better results

in terms of response and throughput with small window size. Given small enough

intervals between consecutive polls of the server state, the Round-Trip can achieve

comparable performance levels to those of Least-Connection scheme.

Future studies need to be performed on the simulation system in order to improve the

simulation system and have a better understanding of the load balancing systems. We

suggest further work in the following five areas:
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1) Current server processing models use the number of user equivalents UEN

associated with the server as a reference. We have three models under different

average file sizes. They provide a rough estimation of the server delay under a

certain average file sizes and UEN . Future models could work on a smaller scale,

attempting to give delays for each request that are a function of the number of

concurrent open connections as well as size of the file being requested (perhaps

with a random component to take into account other effects). Ideally the server

model would be independent of the file-size distribution and the user parameter.

This improved model would more precisely predict the server’s workload.

2) The simulation system was built as a framework concentrating on the scheduling

algorithms. The overheads incurred by IP-tunneling, IP modification or Network

Address translation (NAT) were not fully taken into account by the simulation

system. Further investigations are warranted to measure the impact of the

overhead and delay characteristics of the load balancer.

3) We did not cover the cost involved with polling the servers for load information.

A request/response process could be integrated into the simulation between the

load balancer and the servers to inquiry about the servers’ load, such as the

number of connections. More experiments could be done to give us insights into

how the frequency of polling affects the load balancer’ performance in terms of

delay.

4) We focused on static web-services in this study. In these services, requests are

made only for HTML pages with embedded objects. There is a trend for dynamic

and secure Web services. For dynamic Web services, objects are dynamically

generated through the user and back-end server interactions. Typically, those

services’ requests are CPU bound and/or disk bound. Dynamic requests, as they

are called, include all overheads of static requests as well as overheads due to

back-end server computations needed to generate dynamic objects. Servers with
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CGI scripts will need extra computing resources in order to work. Every time a

script is invoked, the HTTP server starts another program to execute the script.

Depending on the task performed by the script, it may require significant

processor time and memory.  For secure Web services, dynamic pages are

requested over a secure connection. These requests tend to be CPU bound because

of the overheads necessary to setup a secure connection and to execute

cryptographic algorithms. Cardellini [2001] showed that the operations of

encryption and decryption are very critical tasks. A very limited increase in client

arrivals is sufficient to congest CPU system’s queues. It would be interesting to

create server models for dynamic and secure Web services. Some modifications

on SURGE would allow requests for dynamic and secure requests and would

retain SURGE’s probabilistic models and flexibility. Research on the user’s

behaviors for dynamic and secure pages is required in order for SURGE to have a

realistic traffic pattern.

5) The Master/Slave architecture mentioned in Chapter 2 is directly related to the

dynamic or secure Web services. Servers executing many CGI scripts will have a

lot of overhead as well as many processes competing for the processor and

memory of the server. Using a CGI script to dynamically generate a Web

document is therefore usually much slower than directly retrieving a file of the

same size. The Master/Slave approach separates dynamic and static content

processing, so long running, resource intensive CGI scripts will not slow down

simple, static content requests. We would like to see how efficient this

Master/slave architecture is in reducing response time.
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Appendix A:

Simulation

Simulation packages:

“Four widely simulators today include OPNET [OPNET Technologies 2002], ns2 [Fall],

PARSEC [Laboratory] and SSF [Network]. At a high level all of these simulators are

similar: they focus on packet-level discrete-event simulation and they model a wide range

of protocols in the traditional Internet protocol suite. Each simulator has a slightly

different focus. OPNET is a commercial simulator with strong customer support, while

the others are targeted primarily at the protocol design and networking communities. ns2

emphasizes support for a wide range of wired and wireless protocols and multiple levels

of abstraction. PARSEC provides high performance parallel simulation and focuses

primarily on wireless simulation. SSF also provides parallelism, but it emphasizes

support for routing protocol simulation and for very large scale.” [Heidemann 2001]

ns2 Simulator:

In this project, ns2 was chosen as the simulator. It provides the simulation programmer

with an easy-to-use, reconfigurable, programmable simulation environment. “The Virtual

InterNetwork Testbed (VINT) project  has developed ns2 as a common simulator with

advanced feature to change current protocol engineering practices by enabling the study

of protocol interactions and scaling.
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ns2 provides several levels of abstraction:

• The default simulator provides a detailed model with hop-by-hop packet

forwarding and dynamic routing updates.

• Centralized routing replaces routing messages with a centralized computation,

saving processing time and memory in exchange for slightly different timing in

routing changes.

• Session-level packet forwarding replaces hop-by-hop packet flow with a

precomputed propagation delay.

• Algorithmic routing replaces shortest-path routing with tree-based routing,

transforming O(nlog n) memory requirements to O(n).” [Breslau 2000]

ns2 provides a split-level programming model in which packet processing is done in a

systems language while simulation setup is done in a scripting language. The split-

programming model provides adequate flexibility without unduly constraining

performance. In particular, tasks such as low-level event processing or packet

forwarding through a simulated router require high performance and are modified

infrequently once put into place. Thus, they are best served by expressing an

implementation in a compiled language such as C++. On the other hand, tasks such as

the dynamic configuration of protocol objects and the specification and placement of

traffic sources are often iteratively refined and undergo frequent change as the

research task unfolds. Thus, they are best served by an implantation in a flexible and

interactive scripting language such as Tcl.
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Appendix B:

SURGE Measurements

1 1.991 5 1.444 9 1.291 13 2.2
2 1.493 6 1.304 10 1.428 14 1.563
3 1.283 7 1.867 11 1.402 15 2.097
4 1.532 8 1.288 12 1.541 average 1.5816

Figure B.1 Roundtrip time measured by “traceroute” command

1 851.71 6 832.77 11 836.07 16 845.46
2 831.38 7 831.45 12 837.45 17 840.66
3 819.26 8 850.41 13 858.38 18 861.74
4 816.11 9 843.97 14 824.92 average 841.8133
5 847.19 10 848.40 15 875.31 variance 227.1606

Figure B.2 Bandwidth measured by FTP requests
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1.143σ = 1.7145σ = 2.5σ =Number of
UE’s I II I II I II

1 .015 .016 .020 .020 .047 .058
10 .026 .028 .031 .032 .059  .059
20 .035 .034 .036 .038 .076 .075
40 .049 .056 .069 .082 .093 .143
60 .071 .066 .101 .105 .177 .174
100 .223 .183 .368 .344 .791 .796
120 .843 .353 1.055 .563 1.534 1.306
140 1.170 .598 1.505 .998 2.348 2.112
200 3.665 1.892 3.995 2.327 4.672 3.402
260 5.778 3.420 6.477 4.050 6.948 5.066
320 8.036 4.907 8.483 5.637 8.966 6.922
400 11.039 6.735 11.159 7.428 11.812 9.789
480 13.075 8.082 13.453 9.213 13.682 12.062
640 18.543 11.957 18.546 12.181 19.327 15.402
800 22.116 14.956 22.751 16.082 22.549 19.350
960 25.589 17.268 26.464 18.912 26.495 21.546

Table B.3 Measured latencies of Web objects from two Apache configurations

1.143σ =Number
of

UE’s I II III Average latency Standard
Deviation

1 0.017 0.016 0.016 0.016 0.001
10 0.030 0.026 0.028 0.028 0.002
20 0.035 0.033 0.033 0.034 0.001
40 0.053 0.058 0.055 0.056 0.003
60 0.070 0.067 0.061 0.066 0.005
100 0.196 0.172 0.181 0.183 0.012
120 0.341 0.331 0.386 0.353 0.029
140 0.600 0.550 0.645 0.598 0.048
200 1.780 1.869 2.028 1.892 0.126
260 3.203 3.505 3.553 3.420 0.190
320 4.648 5.150 4.923 4.907 0.251
400 6.365 6.996 6.843 6.735 0.329
480 7.665 8.367 8.212 8.082 0.369
640 11.016 12.170 12.686 11.957 0.855
800 14.573 15.875 14.419 14.956 0.800
960 17.247 16.524 18.031 17.268 0.754

Figure B.4 Average latencies for =1.143σ
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1.143σ =Number
of

UE’s I II III Average Bytes
/second

Standard
Deviation

1 2867.1 2867.1 2867.1 2867.1 0.000
10 49012.5 51517.6 51517.6 50682.6 1446.320
20 123298.8 123343.8 123295.3 123312.6 27.048
40 242528.1 241935.9 242655.5 242373.1 384.004
60 357090.0 357111.6 356672.1 356957.9 247.746
100 583958.7 587516.1 587856.9 586443.9 2158.981
120 683928.2 668296.7 671812.7 674679.2 8200.522
140 711890.8 705191.9 697694.2 704925.6 7102.045
200 750135.8 738088.2 747383.6 745202.5 6312.999
260 762221.3 756028.4 719730.2 745993.3 22954.320
320 734229.0 735779.2 704343.0 724783.7 17719.155
400 710467.4 709448.8 693105.6 704340.6 9743.116
480 690996.0 687051.5 687117.9 688388.5 2258.434
640 589108.9 610778.9 625299.6 608395.8 18212.662
800 614251.0 562634.7 623759.7 600215.1 32891.041
960 581205.0 611325.3 533127.4 575219.2 39441.095

Figure B.5 Byte throughputs for =1.143σ

1.143σ =Number
of

UE’s I II III Average HTTP
Ops/second

Standard
Deviation

1 0.37 0.37 0.37 0.37 0.000
10 4.05 4.05 4.05 4.05 0.000
20 9.37 9.37 9.37 9.37 0.000
40 18.99 18.94 19.00 18.98 0.032
60 24.61 24.62 24.58 24.60 0.021
100 41.17 41.38 41.43 41.32 0.138
120 47.68 46.88 46.79 47.11 0.490
140 48.74 48.17 47.68 48.19 0.531
200 51.29 50.59 51.07 50.98 0.358
260 52.03 51.51 49.24 50.93 1.484
320 50.29 50.49 48.06 49.61 1.349
400 48.35 48.17 47.24 47.92 0.596
480 46.97 46.70 46.29 46.65 0.342
640 39.89 41.42 42.28 41.20 1.211
800 41.36 37.97 41.96 40.43 2.151
960 38.82 41.07 36.29 38.73 2.391

Figure B.6 HTTP ops/second for =1.143σ
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1.143σ =Number
of

UE’s I II III Average objects
/second

Standard
deviation

1 0.29 0.29 0.29 0.29 0.000
10 2.75 2.76 2.75 2.75 0.006
20 5.89 5.90 5.90 5.90 0.006
40 11.86 11.84 11.82 11.84 0.020
60 17.71 17.34 17.79 17.62 0.240
100 28.60 28.49 28.47 28.52 0.070
120 33.00 30.42 33.45 32.29 1.635
140 35.94 35.55 34.98 35.49 0.483
200 38.43 37.61 36.53 37.52 0.953
260 38.19 37.27 36.11 37.19 1.042
320 36.88 36.71 35.60 36.40 0.695
400 35.40 35.88 35.92 35.73 0.289
480 34.45 35.22 33.79 34.49 0.716
640 33.05 33.74 32.55 33.11 0.598
800 33.42 30.89 33.28 32.53 1.422
960 32.13 29.72 28.73 30.19 1.749

Figure B.7 Object throughputs for =1.143σ

1.143σ =Number
of

UE’s I II III Average number
of timeout’s

Standard
deviation

320 0 2 0 1 1.155
400 3 8 5 5 2.517
480 49 50 42 47 4.359
640 237 247 235 240 6.429
800 455 499 433 462 33.606
960 722 791 770 761 35.369

Figure B.8 Numbers of timeouts for =1.143σ



129

1.7145σ =Number
of

UE’s I II III Average
 latency

Standard
Deviation

1 0.020 0.020 0.020 0.020 0.000
10 0.031 0.032 0.032 0.032 0.001
20 0.038 0.036 0.040 0.038 0.002
40 0.081 0.077 0.089 0.082 0.006
60 0.105 0.108 0.104 0.105 0.002
100 0.338 0.348 0.346 0.344 0.005
120 0.562 0.582 0.544 0.563 0.019
140 1.024 0.972 0.999 0.998 0.026
200 2.287 2.410 2.282 2.327 0.073
260 3.870 4.023 4.258 4.050 0.195
320 5.477 5.757 5.678 5.637 0.144
400 7.558 7.559 7.166 7.428 0.227
480 9.361 9.203 9.076 9.213 0.143
640 12.257 12.134 12.153 12.181 0.066
800 16.714 15.431 16.101 16.082 0.642
960 19.243 19.418 18.076 18.912 0.730

Figure B.9 Average latencies for =1.7145σ

1.7145σ =Number
of

UE’s I II III Average Bytes
/second

Standard
deviation

1 4019.1 4019.1 4019.1 4019.1 0.000
10 65370.5 65370.5 65370.5 65371.4 0.000
20 147760.6 147738.3 147752.8 147750.6 11.317
40 333851.8 333051.2 333050.1 333317.7 462.544
60 423552.8 424208.6 422746.2 423502.5 732.495
100 656563.6 659146.1 652723.9 656144.6 3231.544
120 718507.7 730589.0 716724.6 721940.4 7542.754
140 755186.7 758807.3 747676.2 753890.1 5677.701
200 774949.5 780370.1 779689.0 778336.2 2952.673
260 785937.6 781215.1 784303.1 783818.6 2398.240
320 777202.1 759435.1 777627.2 771421.5 10382.674
400 748628.3 731413.2 749876.8 743306.1 10318.454
480 730048.9 707419.6 742122.8 726530.4 17617.115
640 686209.9 690268.5 721416.7 699298.4 19262.231
800 682232.6 676041.4 663457.2 673910.4 9567.381
960 656865.4 674449.7 650383.0 660566.0 12452.812

Figure B.10 Byte throughputs for =1.7145σ
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1.7145σ =Number
of

UE’s I II III Average HTTP
ops/second

Standard
deviation

1 0.36 0.36 0.36 0.36 0.000
10 3.72 3.73 3.73 3.73 0.006
20 8.35 8.34 8.38 8.36 0.021
40 16.91 16.95 17.05 16.97 0.072
60 22.74 22.78 22.75 22.76 0.021
100 31.78 31.35 31.64 31.59 0.219
120 33.25 33.07 33.31 33.21 0.125
140 29.87 30.20 29.75 29.94 0.233
200 31.69 31.70 32.46 31.95 0.442
260 32.48 32.74 33.36 32.86 0.452
320 32.69 31.67 33.44 32.60 0.888
400 31.21 31.55 31.62 31.46 0.219
480 30.40 30.72 31.36 30.82 0.489
640 30.01 30.89 30.73 30.54 0.469
800 29.46 30.13 29.44 29.68 0.393
960 29.55 29.18 29.33 29.35 0.186

Figure B.11 HTTP ops/second for =1.7145σ

1.7145σ =Number
of

UE’s I II III Average objects
/second

Standard
deviation

1 0.29 0.29 0.29 0.29 0.000
10 2.75 2.75 2.74 2.75 0.006
20 5.89 5.88 5.88 5.88 0.006
40 11.66 11.65 11.67 11.66 0.010
60 17.45 17.43 17.25 17.38 0.110
100 26.74 26.02 26.16 26.31 0.382
120 28.57 28.00 27.59 28.05 0.492
140 30.75 32.46 31.83 31.68 0.865
200 32.30 34.00 34.29 33.53 1.075
260 33.01 31.01 34.21 32.74 1.617
320 31.82 31.85 33.13 32.27 0.748
400 30.76 30.65 32.37 31.26 0.963
480 30.26 29.58 31.57 30.47 1.011
640 28.72 28.04 30.56 29.11 1.304
800 26.69 28.80 30.43 28.64 1.875
960 25.33 27.68 29.22 27.41 1.959

Figure B.12 Object throughputs for =1.7145σ
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1.7145σ =Number
of

UE’s I II III Average number
of timeout’s

 Standard
deviation

320 2 0 0 1 1.155
400 2 5 9 5 3.512
480 67 56 54 59 7.000
640 247 240 235 241 6.028
800 512 488 455 485 28.618
960 825 773 738 779 43.776

Figure B.13 Numbers of timeouts for =1.7145σ

2.5σ =Number
of

UE’s I II III Average
latency

Standard
deviation

1 0.078 0.044 0.052 0.058 0.018
10 0.059 0.059 0.061  0.059 0.001
20 0.085 0.072 0.067 0.075 0.009
40 0.188 0.122 0.118 0.143 0.039
60 0.179 0.171 0.172 0.174 0.004
100 0.770 0.802 0.817 0.796 0.024
120 1.261 1.308 1.351 1.306 0.045
140 2.237 2.132 1.966 2.112 0.137
200 3.692 3.245 3.270 3.402 0.251
260 5.350 4.803 5.046 5.066 0.274
320 7.565 6.557 6.645 6.922 0.558
400 10.279 9.597 9.491 9.789 0.428
480 12.295 12.269 11.622 12.062 0.381
640 15.900 15.047 15.258 15.402 0.444
800 19.928 18.821 19.301 19.350 0.555
960 22.739 21.468 20.432 21.546 1.155

Figure B.14 Average latencies for =2.5σ
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2.5σ =Number
of

UE’s I II III Average Bytes
/second

Standard
deviation

1 12040.3 12040.3 12040.3 12040.3 12040.3
10 122714.8 122789.7 122850.7 122785.1 122714.8
20 226652.9 226464.7 226919.9 226679.2 226652.9
40 407295.4 407882.8 409187.9 408122.0 407295.4
60 521881.2 521873.3 522220.7 521991.7 521881.2
100 742316.1 732661.0 738909.1 737962.1 742316.1
120 771984.9 765939.0 773311.5 770411.8 771984.9
140 769722.4 784327.4 792647.4 782232.4 769722.4
200 759349.1 780686.6 767975.5 769337.1 759349.1
260 756654.9 757412.7 770107.9 761391.8 756654.9
320 768497.4 747840.3 780494.2 765610.6 768497.4
400 772455.4 748934.6 790141.9 770510.6 772455.4
480 765541.1 770968.4 783290.8 773266.7 765541.1
640 740898.4 785418.9 775920.2 767412.5 740898.4
800 757693.2 756518.4 771035.5 761749.0 757693.2
960 757642.8 769077.3 755014.7 760578.3 757642.8

Figure B.15 Byte throughputs for =2.5σ

2.5σ =Number
of

UE’s I II III Average objects
/second

Standard
deviation

1 0.29 0.29 0.29 0.29 0.000
10 2.71 2.71 2.71 2.71 0.000
20 5.83 5.83 5.82 5.82 0.006
40 11.44 11.46 11.46 11.45 0.012
60 17.09 17.14 16.95 17.06 0.098
100 23.56 23.84 23.35 23.58 0.246
120 24.64 24.68 23.68 24.33 0.566
140 23.81 23.78 24.51 24.03 0.413
200 25.35 24.49 26.78 25.54 1.157
260 25.65 25.10 26.70 25.81 0.813
320 25.58 25.45 26.28 25.77 0.446
400 25.58 25.36 26.20 25.72 0.436
480 25.32 25.79 25.79 25.63 0.271
640 24.50 25.03 24.95 24.82 0.286
800 24.82 24.59 24.24 24.55 0.292
960 24.87 24.46 23.67 24.33 0.610

Figure B.16 Object throughputs for =2.5σ
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2.5σ =Number
of

UE’s I II III Average HTTP
ops/second

Standard
deviation

1 0.36 0.36 0.36 0.36 0.000
10 3.72 3.73 3.73 3.73 0.006
20 8.35 8.34 8.38 8.36 0.021
40 16.91 16.95 17.05 16.97 0.072
60 22.74 22.78 22.75 22.76 0.021
100 31.78 31.35 31.64 31.59 0.219
120 33.25 33.07 33.31 33.21 0.125
140 29.87 30.20 29.75 29.94 0.233
200 31.69 31.70 32.46 31.95 0.442
260 32.48 32.74 33.36 32.86 0.452
320 32.69 31.67 33.44 32.60 0.888
400 31.21 31.55 31.62 31.46 0.219
480 30.40 30.72 31.36 30.82 0.489
640 30.01 30.89 30.73 30.54 0.469
800 29.46 30.13 29.44 29.68 0.393
960 29.55 29.18 29.33 29.35 0.186

Figure B.17 HTTP ops/second for =2.5σ

2.5σ =Number
of

UE’s I II III Average number
of timeout’s

Standard
deviation

320 0 0 0 0 0.000
400 1 2 0 1 1.000
480 30 37 30 32 4.041
640 236 216 231 228 10.408
800 505 456 557 506 50.507
960 750 739 770 753 15.716

Figure B.18 Numbers of timeouts for =2.5σ
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1.143σ =Number
of

UE’s
Bytes

/second
HTTP ops

/second
Objects
/second

Number
of Timeouts

Percentage
of Timeouts

1 2867.1 0.37 0.29 0 0
10 50682.6 4.05 2.75 0 0
20 123312.6 9.37 5.90 0 0
40 242373.1 18.98 11.84 0 0
60 356957.9 24.60 17.62 0 0
100 586443.9 41.32 28.52 0 0
120 674679.2 47.11 32.29 0 0
140 704925.6 48.19 35.49 0 0
200 745202.5 50.98 37.52 0 0
260 745993.3 50.93 37.19 0 0
320 724783.7 49.61 36.40 1 0.00%
400 704340.6 47.92 35.73 5 0.02%
480 688388.5 46.65 34.49 47 0.23%
640 608395.8 41.20 33.11 240 1.21%
800 600215.1 40.43 32.53 462 2.37%
960 575219.2 38.73 30.19 761 4.20%

Table B.19 Throughput and the number of requests rejected ( =1.143σ )

1.7145σ =Number
of

UE’s
Bytes

/second
HTTP ops

/second
Objects
/second

Number
of Timeouts

Percentage
of Timeouts

1 4019.1 0.37 0.29 0 0
10 65371.4 4.07 2.75 0 0
20 147750.6 9.13 5.88 0 0
40 333317.7 18.70 11.66 0 0
60 423502.5 24.34 17.38 0 0
100 656144.6 39.09 26.31 0 0
120 721940.4 43.47 28.05 0 0
140 753890.1 42.15 31.68 0 0
200 778336.2 42.80 33.53 0 0
260 783818.6 43.45 32.74 0 0
320 771421.5 42.49 32.27 1 0.00%
400 743306.1 40.92 31.26 5 0.03%
480 726530.4 40.22 30.47 59 0.32%
640 699298.4 38.08 29.11 241 1.38%
800 673910.4 36.63 28.64 485 2.82%
960 660566.0 35.96 27.41 779 4.73%

Table B.20 Throughput and the number of requests rejected ( =1.7145σ )
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2.5σ =Number
of

UE’s
Bytes

/second
HTTP ops

/second
Objects
/second

Number
of Timeouts

Percentage
of Timeouts

1 12040.3 0.36 0.29 0 0
10 122785.1 3.73 2.71 0 0
20 226679.2 8.36 5.82 0 0
40 408122.0 16.97 11.45 0 0
60 521991.7 22.76 17.06 0 0
100 737962.1 31.59 23.58 0 0
120 770411.8 33.21 24.33 0 0
140 782232.4 29.94 24.03 0 0
200 769337.1 31.95 25.54 0 0
260 761391.8 32.86 25.81 0 0
320 765610.6 32.60 25.77 0 0.00%
400 770510.6 31.46 25.72 1 0.01%
480 773266.7 30.82 25.63 32 0.21%
640 767412.5 30.54 24.82 228 1.53%
800 761749.0 29.68 24.55 506 3.44%
960 760578.3 29.35 24.33 753 5.16%

Table B.21 Throughput and the number of requests rejected ( =2.5σ )
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Appendix C:

Server Models (Integration and Validation)

# of
UE’s

Run
I Run II Run III Mean SURGE Ratio

(Surge/Mean)
1 0.035 0.035 0.040 0.037 0.016 0.436
10 0.069 0.069 0.070 0.069 0.028 0.404
20 0.094 0.094 0.090 0.093 0.034 0.367
40 0.152 0.200 0.140 0.164 0.056 0.341
60 0.172 0.175 0.170 0.172 0.066 0.383
100 0.254 0.283 0.260 0.266 0.183 0.689
120 0.365 0.368 0.370 0.368 0.353 0.960
140 0.537 0.550 0.550 0.546 0.598 1.096
200 2.244 2.283 2.240 2.256 1.892 0.839
260 3.962 4.001 4.010 3.991 3.420 0.857
320 5.727 5.669 5.670 5.689 4.907 0.863
400 7.912 7.963 7.930 7.935 6.735 0.849
480 10.168 10.151 10.210 10.176 8.082 0.794
640 14.557 14.529 14.530 14.539 11.957 0.822
800 18.813 18.829 18.800 18.814 14.956 0.795
960 22.959 22.900 22.950 22.936 17.268 0.753

Table C.1 Average latencies, 1.143σ = , 10 Mbps
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# of
UE’s

Run
I

Run II Run III Mean SURGE Ratio
(Surge/Mean)

1 0.288 0.288 0.290 0.289 0.290 1.004
10 2.717 2.717 2.720 2.718 2.750 1.012
20 5.803 5.803 5.800 5.802 5.900 1.017
40 11.147 10.735 10.950 10.944 11.840 1.082
60 17.232 17.210 17.270 17.237 17.620 1.022
100 28.320 28.098 28.250 28.223 28.520 1.011
120 33.190 33.120 33.170 33.160 32.290 0.974
140 36.940 36.832 36.720 36.831 35.490 0.964
200 36.388 36.148 36.430 36.322 37.520 1.033
260 35.962 35.775 35.720 35.819 37.190 1.038
320 35.460 35.690 35.690 35.613 36.400 1.022
400 35.435 35.345 35.460 35.413 35.730 1.009
480 34.697 34.342 34.680 34.573 34.490 0.998
640 33.560 33.353 33.410 33.441 33.110 0.990
800 31.847 31.882 31.880 31.869 32.530 1.021
960 30.750 30.502 30.650 30.634 30.190 0.986

Table C.2 Object throughputs, 1.143σ = , 10 Mbps

# of
UE’s Run I Run II Run III Mean SURGE Ratio

(Surge/Mean)
1 2867.1 2867.1 2867.1 2867.1 2867.1 1.000
10 47491.3 47491.3 47491.3 47491.3 50682.6 1.067
20 121496.5 121496.5 121496.5 121496.5 123312.6 1.015
40 229902.6 218014.4 225488.4 224468.5 242373.1 1.080
60 353500.7 352680.8 354062.0 353414.5 356957.9 1.010
100 581970.8 578636.9 580762.0 580456.6 586443.9 1.010
120 681105.5 680219.9 680979.8 680768.4 674679.2 0.991
140 746742.9 744850.4 742708.9 744767.4 704925.6 0.947
200 737877.1 732861.2 739668.5 736802.2 745202.5 1.011
260 730419.0 726288.8 725421.1 727376.3 745993.3 1.026
320 716552.9 721498.5 721557.5 719869.6 724783.7 1.007
400 716302.5 714710.6 716484.1 715832.4 704340.6 0.984
480 702179.8 696773.8 702185.0 700379.5 688388.5 0.983
640 681093.9 676924.6 677347.5 678455.3 608395.8 0.897
800 644519.0 646730.9 647201.3 646150.4 600215.1 0.929
960 621901.5 618569.6 620975.4 620482.2 575219.2 0.927

Table C.3 Byte throughputs, 1.143σ = , 10 Mbps
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# of
UE’s

Run
I

Run II Run III Mean SURGE Ratio
(Surge/Mean)

1 0.051 0.051 0.050 0.051 0.020 0.395
10 0.074 0.074 0.070 0.073 0.032 0.440
20 0.104 0.104 0.100 0.103 0.038 0.370
40 0.173 0.239 0.240 0.217 0.082 0.377
60 0.209 0.230 0.290 0.243 0.105 0.432
100 0.414 0.422 0.420 0.419 0.344 0.822
120 0.605 0.588 0.590 0.594 0.563 0.947
140 0.831 0.871 0.870 0.857 0.998 1.164
200 2.900 2.902 2.860 2.887 2.327 0.806
260 4.676 4.685 4.650 4.670 4.050 0.867
320 6.400 6.495 6.490 6.462 5.637 0.872
400 8.818 8.820 8.850 8.829 7.428 0.841
480 11.110 11.151 11.130 11.130 9.213 0.828
640 15.562 15.552 15.540 15.551 12.181 0.783
800 19.769 19.814 19.740 19.774 16.082 0.813
960 23.858 23.887 23.810 23.852 18.912 0.793

Table C.4 Average latencies, 1.7145σ = , 10 Mbps

# of
UE’s

Run
I Run II Run III Mean SURGE Ratio

(Surge/Mean)
1 0.288 0.288 0.290 0.289 0.290 1.004
10 2.715 2.715 2.710 2.713 2.750 1.014
20 5.785 5.785 5.790 5.787 5.880 1.016
40 11.297 11.175 11.180 11.217 11.660 1.039
60 16.985 16.888 16.640 16.838 17.380 1.032
100 27.107 27.042 27.080 27.076 26.310 0.972
120 31.133 31.265 31.260 31.219 28.050 0.898
140 34.158 33.802 33.840 33.933 31.680 0.934
200 32.378 32.322 32.590 32.430 33.530 1.034
260 32.633 32.582 32.710 32.642 32.740 1.003
320 32.943 32.597 32.630 32.723 32.270 0.986
400 32.860 32.843 32.800 32.834 31.260 0.952
480 32.595 32.330 32.430 32.452 30.470 0.939
640 31.127 31.020 30.910 31.019 29.110 0.938
800 29.843 29.480 29.550 29.624 28.640 0.967
960 28.953 29.103 29.090 29.049 27.410 0.944

Table C.5 Object throughputs, 1.7145σ = , 10 Mbps
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# of
UE’s

Run I Run II Run III Mean SURGE Ratio
(Surge/Mean)

1 4019.1 4019.1 4019.1 4019.1 4019.1 1.000
10 63144.7 63144.7 65371.4 63886.9 65371.4 1.023
20 145411.5 145411.5 147750.6 146191.2 147750.6 1.011
40 326628.9 321852.7 333317.7 327266.4 333317.7 1.018
60 429782.2 428241.6 423502.5 427175.4 423502.5 0.991
100 708944.0 708056.3 656144.6 691048.3 656144.6 0.949
120 810475.9 813083.3 721940.4 781833.2 721940.4 0.923
140 850518.9 842080.6 753890.1 815496.6 753890.1 0.924
200 811985.3 810907.1 778336.2 800409.5 778336.2 0.972
260 816807.9 815668.4 783818.6 805431.7 783818.6 0.973
320 824352.9 817393.6 771421.5 804389.4 771421.5 0.959
400 821974.4 821766.5 743306.1 795682.3 743306.1 0.934
480 815892.7 808987.1 726530.4 783803.4 726530.4 0.927
640 781206.9 778726.4 699298.4 753077.2 699298.4 0.929
800 744056.4 735075.4 673910.4 717680.7 673910.4 0.939
960 723811.4 726587.7 660566.0 703655.1 660566.0 0.939

Table C.6 Byte throughputs, 1.7145σ = , 10 Mbps

# of
UE’s

Run
I

Run II Run III Mean SURGE Ratio
(Surge/Mean)

1 0.133 0.133 0.130 0.132 0.058 0.439
10 0.178 0.178 0.180 0.179 0.059 0.330
20 0.189 0.189 0.190 0.189 0.075 0.396
40 0.231 0.239 0.230 0.233 0.143 0.613
60 0.315 0.319 0.300 0.311 0.174 0.559
100 0.795 0.775 0.810 0.793 0.796 1.003
120 1.221 1.243 1.220 1.228 1.306 1.064
140 1.993 2.001 1.960 1.985 2.112 1.064
200 4.311 4.336 4.390 4.346 3.402 0.783
260 6.326 6.295 6.300 6.307 5.066 0.803
320 8.296 8.292 8.330 8.306 6.922 0.833
400 10.949 10.915 10.890 10.918 9.789 0.897
480 13.382 13.384 13.390 13.385 12.062 0.901
640 18.012 18.057 17.970 18.013 15.402 0.855
800 22.428 22.375 22.410 22.404 19.350 0.864
960 26.463 26.452 26.440 26.452 21.546 0.815

Table C.7 Average latencies, 2.5σ = , 10 Mbps
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# of
UE’s

Run
I

Run II Run III Mean SURGE Ratio
(Surge/Mean)

1 0.288 0.288 0.290 0.289 0.290 1.004
10 2.150 2.150 2.150 2.150 2.710 1.260
20 5.643 5.643 5.640 5.642 5.820 1.032
40 11.208 11.180 11.210 11.199 11.450 1.022
60 16.387 16.508 16.580 16.492 17.060 1.034
100 24.570 24.710 24.520 24.600 23.580 0.959
120 26.668 26.567 26.670 26.635 24.330 0.913
140 26.492 26.457 26.680 26.543 24.030 0.905
200 26.222 26.122 25.950 26.098 25.540 0.979
260 26.892 26.953 26.970 26.938 25.810 0.958
320 27.425 27.438 27.360 27.408 25.770 0.940
400 27.823 27.897 27.930 27.883 25.720 0.922
480 27.875 27.875 27.870 27.873 25.630 0.920
640 27.345 27.430 27.420 27.398 24.820 0.906
800 26.723 26.407 26.750 26.627 24.550 0.922
960 26.087 25.993 26.110 26.063 24.330 0.933

Table C.8 Object throughputs, 2.5σ = , 10 Mbps

# of
UE’s Run I Run II Run III Mean SURGE Ratio

(Surge/Mean)
1 12040.3 12040.3 12040.3 12040.3 12040.3 1.000
10 104842.1 104842.1 104842.1 104842.1 122785.1 1.171
20 223568.7 223568.7 223568.7 223568.7 226679.2 1.014
40 401877.2 401390.9 401877.2 401715.1 408122.0 1.016
60 564589.2 567425.7 568840.8 566951.9 521991.7 0.921
100 843443.8 846490.2 842302.8 844079.0 737962.1 0.874
120 903524.3 892518.1 898300.4 898114.3 770411.8 0.858
140 888010.5 887198.1 891502.0 888903.5 782232.4 0.880
200 845262.6 843362.3 826652.0 838425.6 769337.1 0.918
260 874003.6 880128.4 880380.9 878170.9 761391.8 0.867
320 914534.2 914883.3 912883.6 914100.4 765610.6 0.838
400 924483.0 925867.3 926329.7 925560.0 770510.6 0.832
480 925738.4 925459.0 925188.0 925461.8 773266.7 0.836
640 910505.1 914502.3 912403.5 912470.3 767412.5 0.841
800 893054.1 885244.8 893994.9 890764.6 761749.0 0.855
960 876882.5 873108.9 877450.9 875814.1 760578.3 0.868

Table C.9 Byte throughputs, 2.5σ = , 10 Mbps



141

# of UE’s Run I Run II Run III Mean Mean
(10 Mbps)

Ratio
(100/10)

1 0.027 0.027 0.027 0.027 0.027 1.000
10 0.062 0.062 0.062 0.062 0.062 1.000
20 0.094 0.091 0.094 0.093 0.093 1.004
40 0.177 0.249 0.213 0.213 0.225 0.947
60 0.370 0.303 0.303 0.325 0.310 1.048
100 0.766 0.437 0.568 0.590 0.532 1.110
120 0.682 0.637 0.868 0.729 0.745 0.979
140 0.865 0.797 0.848 0.837 0.827 1.011
200 2.588 2.833 2.701 2.707 2.747 0.986
260 4.527 4.374 4.302 4.401 4.359 1.010
320 5.984 6.039 6.053 6.025 6.039 0.998
400 8.250 8.325 8.312 8.296 8.311 0.998
480 10.368 10.566 10.319 10.418 10.434 0.998
640 14.775 14.794 14.736 14.768 14.766 1.000
800 18.909 18.904 18.926 18.913 18.914 1.000
960 23.161 23.026 23.107 23.098 23.077 1.001

Table C.10 Average latencies, 1.143σ = , 100 Mbps

# of UE’s Run I Run II Run III Mean Mean
(10 Mbps)

Ratio
(100/10)

1 0.288 0.288 0.288 0.288 0.288 1.000
10 2.722 2.722 2.722 2.722 2.722 1.000
20 4.655 4.807 4.655 4.706 4.722 0.996
40 9.377 10.188 9.813 9.793 9.931 0.986
60 15.312 16.193 14.235 15.247 15.225 1.001
100 22.290 21.800 22.852 22.314 22.322 1.000
120 26.412 26.062 25.043 25.839 25.648 1.007
140 30.308 30.282 31.292 30.627 30.734 0.997
200 30.420 28.855 31.065 30.113 30.011 1.003
260 31.718 31.267 32.262 31.749 31.759 1.000
320 33.083 32.552 32.458 32.698 32.569 1.004
400 33.253 32.160 32.375 32.596 32.377 1.007
480 33.037 32.748 33.412 33.066 33.075 1.000
640 32.058 32.120 32.033 32.071 32.075 1.000
800 30.517 30.948 31.227 30.897 31.024 0.996
960 29.815 30.223 30.148 30.062 30.145 0.997

Table C.11 Object throughputs, 1.143σ = , 100 Mbps
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# of
UE’s

Run I Run II Run III Mean
Mean
(10

Mbps)

Ratio
(100/10)

1 2867.1 2867.1 2867.1 2867.1 2867.1 1.000
10 47607.3 47607.3 47607.3 47607.3 47607.3 1.000
20 97705.8 100808.6 97705.8 98740.1 99084.9 0.997
40 192067.9 206576.8 199761.3 199468.7 201935.6 0.988
60 315918.4 333030.4 294344.5 314431.1 313935.3 1.002
100 459257.5 446787.9 471328.5 459124.6 459080.3 1.000
120 544019.0 538149.5 519949.0 534039.2 530712.6 1.006
140 613210.0 613149.5 631092.3 619150.6 621130.8 0.997
200 611463.4 582213.1 624946.8 606207.8 604455.9 1.003
260 638381.5 629767.7 648074.8 638741.4 638861.3 1.000
320 673244.9 659989.0 660888.4 664707.4 661861.6 1.004
400 674189.3 653021.5 658177.3 661796.0 657664.9 1.006
480 670655.9 665584.3 679670.5 671970.2 672408.3 0.999
640 652440.7 654546.4 653144.0 653377.0 653689.1 1.000
800 619681.0 628354.4 634512.5 627516.0 630127.6 0.996
960 601134.5 613619.3 610111.7 608288.5 610673.2 0.996

Table C.12 Byte throughputs, 1.143σ = , 100 Mbps

# of UE’s Run I Run II Run III Mean Mean
(10 Mbps)

Ratio
(100/10)

1 0.040 0.040 0.040 0.040 0.040 1.000
10 0.072 0.072 0.072 0.072 0.072 1.000
20 0.183 0.107 0.135 0.142 0.128 1.108
40 0.238 0.354 0.354 0.315 0.341 0.924
60 0.435 0.420 0.417 0.424 0.420 1.009
100 0.784 0.798 0.730 0.771 0.766 1.006
120 1.014 0.964 0.953 0.977 0.965 1.013
140 1.123 1.227 1.277 1.209 1.238 0.977
200 3.153 3.236 3.207 3.199 3.214 0.995
260 4.914 4.978 4.956 4.949 4.961 0.998
320 6.812 6.801 6.786 6.800 6.796 1.001
400 9.096 9.079 9.163 9.113 9.118 0.999
480 11.318 11.354 11.337 11.336 11.342 0.999
640 15.756 15.733 15.725 15.738 15.732 1.000
800 20.007 20.010 20.044 20.020 20.025 1.000
960 24.109 23.939 23.983 24.010 23.977 1.001

Table C.13 Average latencies, 1.7145σ = , 100 Mbps
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# of UE’s Run I Run II Run III Mean Mean
(10 Mbps)

Ratio
(100/10)

1 0.288 0.288 0.288 0.288 0.288 1.000
10 2.190 2.190 2.190 2.190 2.190 1.000
20 5.218 5.167 5.107 5.164 5.146 1.004
40 9.680 10.153 10.155 9.996 10.101 0.990
60 14.447 13.895 14.457 14.266 14.206 1.004
100 22.260 22.060 21.530 21.950 21.847 1.005
120 22.870 24.327 26.112 24.436 24.958 0.979
140 29.315 25.810 28.357 27.827 27.331 1.018
200 28.988 28.573 28.820 28.794 28.729 1.002
260 29.972 29.918 29.227 29.706 29.617 1.003
320 30.048 29.987 30.187 30.074 30.082 1.000
400 31.527 31.210 30.770 31.169 31.050 1.004
480 31.528 31.037 31.157 31.241 31.145 1.003
640 30.338 30.185 30.315 30.279 30.260 1.001
800 29.218 29.068 29.247 29.178 29.164 1.000
960 28.015 28.208 28.817 28.347 28.457 0.996

Table C.14 Object throughputs, 1.7145σ = , 100 Mbps

# of
UE’s Run I Run II Run III Mean

Mean
(10

Mbps)

Ratio
(100/10)

1 4019.1 4019.1 4019.1 4019.1 4019.1 1.000
10 53786.0 53786.0 53786.0 53786.0 53786.0 1.000
20 133277.3 132444.6 131731.4 132484.4 132220.2 1.002
40 287685.7 297269.3 297326.8 294093.9 296230.0 0.993
60 371425.8 358667.1 353146.3 361079.7 357631.0 1.010
100 586801.4 582797.3 569697.7 579765.5 577420.1 1.004
120 602927.6 635794.5 680572.8 639765.0 652044.1 0.981
140 727752.1 647885.2 707028.5 694222.0 683045.2 1.016
200 736929.0 726591.4 732207.7 731909.4 730236.2 1.002
260 757918.8 758449.7 743851.8 753406.8 751902.8 1.002
320 751643.2 748774.5 752973.3 751130.3 750959.4 1.000
400 793993.9 786159.3 774043.4 784732.2 781645.0 1.004
480 791300.1 780461.5 784003.8 785255.2 783240.2 1.003
640 755988.3 753485.0 755532.5 755002.0 754673.2 1.000
800 730998.1 728639.1 731089.5 730242.2 729990.2 1.000
960 703420.1 706596.0 720161.3 710059.1 712272.1 0.997

Table C.15 Byte throughputs, 1.7145σ = , 100 Mbps
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# of UE’s Run I Run II Run III Mean Mean
(10 Mbps)

Ratio
(100/10)

1 0.101 0.101 0.101 0.101 0.101 1.000
10 0.145 0.145 0.145 0.145 0.145 1.000
20 0.190 0.190 0.190 0.190 0.190 1.000
40 0.370 0.303 0.305 0.326 0.311 1.047
60 0.473 0.545 0.516 0.511 0.524 0.976
100 1.200 1.408 1.277 1.295 1.327 0.976
120 1.725 1.736 1.723 1.728 1.729 0.999
140 2.634 2.520 2.395 2.516 2.477 1.016
200 4.544 4.810 4.571 4.642 4.674 0.993
260 6.512 6.623 6.495 6.543 6.554 0.998
320 8.703 8.623 8.698 8.675 8.665 1.001
400 11.134 11.133 11.132 11.133 11.133 1.000
480 13.710 13.648 13.465 13.608 13.574 1.003
640 18.198 18.258 18.205 18.220 18.228 1.000
800 22.697 22.630 22.613 22.647 22.630 1.001
960 26.584 26.665 26.627 26.625 26.639 0.999

Table C.16 Average latencies, 2.5σ = , 100 Mbps

# of UE’s Run I Run II Run III Mean Mean
(10 Mbps)

Ratio
(100/10)

1 0.288 0.288 0.288 0.288 0.288 1.000
10 2.648 2.648 2.648 2.648 2.648 1.000
20 5.168 5.168 5.168 5.168 5.168 1.000
40 9.155 9.718 9.710 9.528 9.652 0.987
60 14.427 13.982 14.090 14.166 14.079 1.006
100 20.473 19.117 19.385 19.658 19.387 1.014
120 21.638 20.615 21.075 21.109 20.933 1.008
140 22.885 22.668 23.523 23.026 23.072 0.998
200 24.032 22.843 24.450 23.775 23.689 1.004
260 25.318 25.465 25.410 25.398 25.424 0.999
320 25.800 25.548 26.263 25.871 25.894 0.999
400 26.702 26.440 26.528 26.557 26.508 1.002
480 26.487 26.922 27.010 26.806 26.913 0.996
640 26.525 26.675 26.942 26.714 26.777 0.998
800 26.090 26.173 26.103 26.122 26.133 1.000
960 25.495 26.102 25.613 25.737 25.817 0.997

Table C.17 Object throughputs, 2.5σ = , 100 Mbps
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# of
UE’s

Run I Run II Run III Mean
Mean
(10

Mbps)

Ratio
(100/10)

1 12040.3 12040.3 12040.3 12040.3 12040.3 1.000
10 121207.1 121207.1 121207.1 121207.1 121207.1 1.000
20 211001.5 211001.5 211001.5 211001.5 211001.5 1.000
40 353855.8 365357.1 365211.0 361474.6 364014.2 0.993
60 495980.2 500754.3 486834.6 494523.0 494037.3 1.001
100 732518.8 667594.1 704449.4 701520.8 691188.1 1.015
120 762766.6 735515.4 745222.5 747834.8 742857.6 1.007
140 786039.5 767061.9 806059.8 786387.1 786502.9 1.000
200 764958.1 734553.8 784268.5 761260.1 760027.5 1.002
260 812257.5 815907.4 814425.8 814196.9 814843.3 0.999
320 858918.1 837361.3 887855.4 861378.3 862198.3 0.999
400 898436.2 891509.4 894020.4 894655.3 893395.0 1.001
480 893213.9 903537.0 905697.0 900816.0 903350.0 0.997
640 890711.2 894397.8 900972.3 895360.5 896910.2 0.998
800 860794.1 879645.1 879624.2 873354.4 877541.2 0.995
960 846861.9 861119.4 849242.5 852407.9 854256.6 0.998

Table C.18 Byte throughputs, 2.5σ = , 100 Mbps
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Appendix D:

Simulation Results

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 0.037 0.026 0.021 0.037 0.029
10 0.058 0.055 0.059 0.056 0.057
20 0.057 0.060 0.222 0.201 0.135
40 0.080 0.110 0.125 0.137 0.113
60 0.361 0.549 0.133 0.334 0.341
100 0.436 0.329 0.553 0.299 0.404
120 0.501 0.626 0.436 0.729 0.572
140 0.348 0.732 0.376 0.558 0.503
200 0.627 0.642 0.541 0.858 0.668
260 0.677 0.703 0.585 0.771 0.685
320 0.771 0.850 0.863 0.861 0.836
400 0.974 0.880 1.044 1.005 0.976
480 1.100 1.341 1.120 1.087 1.163
640 2.280 1.933 2.049 2.309 2.141
800 3.156 3.357 3.113 3.552 3.294
960 4.420 5.433 5.403 2.863 4.526

Table D.1 Average latencies for RR-G (4-server), 1.143σ =
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 0.053 0.105 0.073 0.057 0.288
10 0.692 0.690 0.663 0.683 2.728
20 1.312 1.350 1.318 1.327 5.307
40 2.232 2.170 2.167 2.230 8.798
60 3.472 3.092 3.338 3.312 13.213
100 5.763 6.022 5.753 5.585 23.123
120 6.387 6.462 6.763 6.540 26.152
140 7.705 7.643 7.735 7.542 30.625
200 10.307 10.225 10.245 10.380 41.157
260 14.462 14.928 14.163 14.628 58.182
320 17.397 17.490 17.583 17.182 69.652
400 21.297 21.170 21.083 21.613 85.163
480 24.668 25.290 24.558 24.282 98.798
640 27.858 28.205 28.217 27.847 112.127
800 29.095 28.380 29.113 29.207 115.795
960 29.722 29.437 29.463 29.725 118.347

Table D.2 Object throughputs for RR-G (4-server), 1.143σ =

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 908.8 607.4 308.9 1042.0 2867.1
10 13181.1 10742.3 12606.3 11516.5 48046.2
20 25243.8 26912.2 28944.8 28823.9 109924.6
40 45164.8 41359.4 48847.8 46129.8 181501.8
60 70700.0 68246.0 65476.7 64785.2 269207.9
100 123346.7 132897.7 110590.9 110211.2 477046.5
120 130872.9 134070.0 142093.6 134578.7 541615.2
140 152099.4 156205.0 150152.2 163743.0 622199.7
200 215299.6 214108.2 197029.1 212119.6 838556.5
260 299331.0 308452.1 303665.8 288118.2 1199567.0
320 355366.8 379187.0 373593.6 340085.2 1448232.7
400 449786.8 435167.0 438448.3 441811.1 1765213.1
480 522361.4 506417.6 515784.7 505742.4 2050306.1
640 599848.7 597464.9 573800.9 559681.4 2330795.9
800 590327.0 602284.3 619164.2 596816.1 2408591.6
960 628766.3 606785.4 606475.3 618626.6 2460653.5

Table D.3 Byte throughputs for RR-G (4-server), 1.143σ =
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 0.032 0.024 0.000 0.000 0.029
10 0.052 0.091 0.057 0.044 0.060
20 0.072 0.071 0.105 0.092 0.084
40 0.118 0.162 0.135 0.103 0.129
60 0.143 0.285 0.262 0.283 0.236
100 0.344 0.447 0.346 0.377 0.376
120 0.475 0.303 0.334 0.557 0.416
140 0.569 0.538 0.520 0.282 0.477
200 0.570 0.607 0.602 0.495 0.569
260 0.990 0.620 0.770 0.527 0.732
320 1.068 0.794 0.780 0.746 0.851
400 1.378 0.860 0.891 1.002 1.040
480 1.857 1.269 1.262 1.368 1.448
640 3.997 2.019 2.015 1.975 2.544
800 4.943 2.747 3.920 3.162 3.728
960 7.967 2.884 5.830 3.428 5.117

Table D.4 Average latencies for XSIZE-G (4-server), 1.143σ = , averaging window = 1s

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 0.175 0.113 0.000 0.000 0.288
10 0.782 0.628 0.685 0.625 2.720
20 1.548 1.262 1.293 1.333 5.437
40 2.820 2.480 2.580 2.658 10.538
60 4.675 3.513 3.588 3.732 15.508
100 6.870 5.573 5.618 5.540 23.602
120 7.515 7.108 7.855 7.123 29.602
140 8.867 8.282 6.997 8.205 32.350
200 12.658 11.800 11.045 11.462 46.965
260 14.738 13.802 13.378 13.598 55.517
320 18.150 16.432 16.547 17.085 68.213
400 22.052 20.700 20.085 20.467 83.303
480 25.902 23.780 24.098 23.543 97.323
640 28.010 24.287 25.145 25.827 103.268
800 30.367 27.588 27.168 26.703 111.827
960 30.257 26.597 26.758 27.190 110.802

Table D.5 Object throughputs for XSIZE-G (4-server), 1.143σ = , averaging window = 1s
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 908.8 607.4 308.9 1042.0 2867.1
10 13181.1 10742.3 12606.3 11516.5 48046.2
20 25243.8 26912.2 28944.8 28823.9 109924.6
40 45164.8 41359.4 48847.8 46129.8 181501.8
60 70700.0 68246.0 65476.7 64785.2 269207.9
100 123346.7 132897.7 110590.9 110211.2 477046.5
120 130872.9 134070.0 142093.6 134578.7 541615.2
140 152099.4 156205.0 150152.2 163743.0 622199.7
200 215299.6 214108.2 197029.1 212119.6 838556.5
260 299331.0 308452.1 303665.8 288118.2 1199567.0
320 355366.8 379187.0 373593.6 340085.2 1448232.7
400 449786.8 435167.0 438448.3 441811.1 1765213.1
480 522361.4 506417.6 515784.7 505742.4 2050306.1
640 599848.7 597464.9 573800.9 559681.4 2330795.9
800 590327.0 602284.3 619164.2 596816.1 2408591.6
960 628766.3 606785.4 606475.3 618626.6 2460653.5

Table D.6 Byte throughputs for XSIZE-G (4-server), 1.143σ = , averaging window = 1s

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 0.022 0.046 0.026 0.024 0.029
10 0.040 0.044 0.090 0.057 0.059
20 0.074 0.071 0.087 0.060 0.076
40 0.291 0.094 0.238 0.216 0.219
60 0.127 0.556 0.537 0.211 0.369
100 0.617 0.352 0.606 0.383 0.466
120 0.399 0.296 0.493 0.490 0.417
140 0.400 0.365 0.498 0.426 0.423
200 0.671 0.604 0.668 0.719 0.663
260 0.650 0.628 0.648 0.611 0.634
320 0.820 0.712 0.720 0.817 0.764
400 0.932 0.989 0.972 0.963 0.963
480 1.315 1.281 1.206 1.081 1.217
640 2.038 2.213 2.039 1.992 2.071
800 3.244 3.339 3.329 3.135 3.261
960 4.650 4.429 4.671 4.568 4.579

Table D.7 Average latencies for CONN-G (4-server), 1.143σ = , averaging window = 1s
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 0.175 0.113 0.000 0.000 0.288
10 0.782 0.628 0.685 0.625 2.720
20 1.548 1.262 1.293 1.333 5.437
40 2.820 2.480 2.580 2.658 10.538
60 4.675 3.513 3.588 3.732 15.508
100 6.870 5.573 5.618 5.540 23.602
120 7.515 7.108 7.855 7.123 29.602
140 8.867 8.282 6.997 8.205 32.350
200 12.658 11.800 11.045 11.462 46.965
260 14.738 13.802 13.378 13.598 55.517
320 18.150 16.432 16.547 17.085 68.213
400 22.052 20.700 20.085 20.467 83.303
480 25.902 23.780 24.098 23.543 97.323
640 28.010 24.287 25.145 25.827 103.268
800 30.367 27.588 27.168 26.703 111.827
960 30.257 26.597 26.758 27.190 110.802

Table D.8 Object throughputs for CONN-G (4-server), 1.143σ = , averaging window = 1s

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 192.6 1644.4 452.2 577.9 2867.1
10 6812.4 1745.9 5799.8 14479.4 28837.6
20 38820.9 15131.9 37942.2 13059.5 104954.5
40 49447.5 39882.8 38196.2 66810.7 194337.2
60 58300.9 65110.3 81087.2 84292.4 288790.8
100 95938.6 146134.6 87709.8 113912.6 443695.6
120 139876.5 152364.6 168360.2 117256.2 577857.6
140 172086.0 158394.5 170656.6 167206.1 668343.3
200 231085.4 243112.2 249817.1 205189.5 929204.1
260 307903.1 289440.7 326639.1 284748.3 1208731.2
320 311330.7 391914.1 371227.4 354747.3 1429219.5
400 464060.0 405320.7 444400.6 464518.1 1778299.3
480 462940.4 536914.5 474561.9 534939.3 2009356.1
640 600018.5 576001.9 566050.6 560068.0 2302138.9
800 596722.7 614748.3 588265.9 606179.5 2405916.3
960 582129.5 618108.7 610488.0 607605.2 2418331.4

Table D.9 Byte throughputs for CONN-G (4-server), 1.143σ = , averaging window = 1s
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 0.022 0.046 0.026 0.024 0.029
10 0.040 0.044 0.090 0.057 0.059
20 0.074 0.071 0.087 0.060 0.076
40 0.291 0.094 0.238 0.216 0.219
60 0.127 0.556 0.537 0.211 0.369
100 0.617 0.352 0.606 0.383 0.466
120 0.399 0.296 0.493 0.490 0.417
140 0.400 0.365 0.498 0.426 0.423
200 0.671 0.604 0.668 0.719 0.663
260 0.650 0.628 0.648 0.611 0.634
320 0.820 0.712 0.720 0.817 0.764
400 0.932 0.989 0.972 0.963 0.963
480 1.315 1.281 1.206 1.081 1.217
640 2.038 2.213 2.039 1.992 2.071
800 3.244 3.339 3.329 3.135 3.261
960 4.650 4.429 4.671 4.568 4.579

Table D.10 Average latencies for RT-G (4-server), 1.143σ = , averaging window = 1s

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 0.288 0.000 0.000 0.000 0.288
10 0.805 0.682 0.673 0.567 2.727
20 1.272 1.417 0.758 1.200 4.647
40 3.152 1.852 2.635 2.053 9.692
60 4.137 3.468 2.652 4.573 14.830
100 6.568 5.753 5.263 6.917 24.502
120 6.167 5.635 6.207 7.413 25.422
140 8.495 7.695 6.303 8.540 31.033
200 10.322 10.772 11.850 10.998 43.942
260 13.997 13.990 12.427 15.800 56.213
320 17.803 18.715 17.982 17.143 71.643
400 19.483 20.083 21.015 20.705 81.287
480 23.683 22.413 25.653 23.768 95.518
640 25.903 26.887 27.943 25.593 106.327
800 25.720 25.785 28.182 25.258 104.945
960 27.565 26.213 29.735 26.973 110.487

Table D.11 Object throughputs for RT-G (4-server), 1.143σ = , averaging window = 1s
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 2867.1 0.0 0.0 0.0 2867.1
10 12734.4 13028.2 12774.4 9509.2 48046.2
20 29486.6 30132.1 13503.1 24487.6 97609.4
40 65188.1 37784.7 53052.7 41917.8 197943.3
60 91341.7 71911.2 47818.2 93474.1 304545.2
100 133597.1 119595.0 107021.7 144556.2 504770.0
120 120836.0 115509.9 133515.5 157998.5 527859.8
140 163605.4 152302.6 132014.6 178746.1 626668.8
200 207107.6 217846.9 238840.0 229206.1 893000.7
260 298324.0 280126.7 254490.5 321055.7 1153997.0
320 382576.5 388639.8 361162.6 354622.9 1487001.8
400 420757.7 414847.1 433538.4 419643.7 1688787.0
480 484619.6 469820.1 524732.8 500805.3 1979977.8
640 538398.0 560521.3 574102.3 539692.4 2212713.9
800 525655.6 530549.9 587494.1 536333.8 2180033.4
960 584104.5 530864.6 617568.6 562626.7 2295164.5

Table D.12 Byte throughputs for RT-G (4-server), 1.143σ = , averaging window = 1s

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 0.021 0.033 0.027 0.026 0.029
10 0.065 0.045 0.044 0.043 0.049
20 0.049 0.112 0.052 0.058 0.071
40 0.125 0.115 0.089 0.100 0.107
60 0.419 0.356 0.351 0.136 0.313
100 0.386 0.393 0.508 0.604 0.472
120 0.397 0.466 0.522 0.437 0.454
140 0.676 0.333 0.456 0.474 0.485
200 0.531 0.576 0.383 0.599 0.524
260 0.695 0.619 0.755 0.629 0.674
320 0.841 0.764 0.778 0.720 0.775
400 1.114 1.044 1.071 1.030 1.065
480 1.039 1.251 1.150 1.308 1.188
640 1.993 2.751 2.273 1.382 2.103
800 3.242 3.172 3.433 3.315 3.291
960 5.576 3.614 4.683 4.302 4.547

Table D.13 Average latencies for RAN-G (4-server), 1.143σ =
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 0.038 0.133 0.035 0.082 0.288
10 0.410 0.562 0.453 0.508 1.933
20 1.385 1.672 1.218 1.212 5.487
40 2.190 2.593 2.550 2.428 9.762
60 3.482 3.490 3.888 3.755 14.615
100 5.473 5.557 4.873 5.538 21.442
120 7.425 6.627 6.705 6.548 27.305
140 8.047 7.948 8.202 8.328 32.525
200 10.878 11.502 10.775 11.363 44.518
260 13.575 13.783 13.545 13.258 54.162
320 17.390 16.778 17.358 17.968 69.495
400 20.950 20.505 20.465 20.355 82.275
480 25.260 26.010 24.725 25.835 101.830
640 27.353 28.192 27.762 27.798 111.105
800 29.087 29.143 29.225 29.117 116.572
960 30.365 29.897 29.158 29.768 119.188

Table D.14 Object throughputs for RAN-G (4-server), 1.143σ =

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 186.6 1737.7 269.6 673.1 2867.1
10 6065.1 10204.7 8626.6 9246.4 34142.9
20 26045.2 38493.2 26106.4 23812.8 114457.6
40 47650.4 55607.8 51311.7 44473.3 199043.2
60 67551.3 70438.9 82801.7 79662.4 300454.3
100 115676.1 111231.1 97069.1 114395.3 438371.6
120 155133.8 133744.9 136692.8 137082.5 562653.9
140 163977.3 161689.4 159991.8 170175.9 655834.4
200 210772.9 237031.0 215682.7 240336.2 903822.8
260 282462.5 281065.4 277040.4 270884.0 1111452.4
320 362370.0 339558.4 362495.9 378700.9 1443125.1
400 431416.0 427050.9 418420.7 423492.9 1700380.5
480 520345.5 528699.0 520354.6 546278.1 2115677.2
640 571340.8 586963.4 583542.6 574719.6 2316566.5
800 605511.9 583021.6 626887.7 609458.5 2424879.6
960 634547.0 626591.3 605418.2 609777.1 2476333.6

Table D.15 Byte throughputs for RAN-G (4-server), 1.143σ =
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 0.035 0.025 0.021 0.035 0.028
10 0.037 0.111 0.036 0.045 0.057
20 0.065 0.092 0.073 0.063 0.073
40 0.093 0.235 0.253 0.232 0.202
60 0.236 0.176 0.141 0.211 0.191
100 0.621 0.300 0.266 0.260 0.360
120 0.402 0.576 0.417 0.329 0.432
140 0.388 0.339 0.571 0.406 0.427
200 0.552 0.625 0.780 0.627 0.647
260 0.558 0.512 0.569 0.601 0.560
320 0.692 0.672 0.710 0.677 0.687
400 0.867 0.838 0.762 0.851 0.830
480 1.163 1.018 0.943 0.972 1.024
640 1.651 2.763 1.385 2.080 1.967
800 3.160 3.383 1.762 4.358 3.161
960 4.999 4.735 3.801 4.113 4.415

Table D.16 Average latencies for RR-S (4-server), 1.143σ =

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 0.053 0.105 0.073 0.057 0.288
10 0.620 0.602 0.573 0.567 2.362
20 1.240 1.297 1.282 1.273 5.092
40 2.238 2.163 2.165 2.233 8.800
60 3.698 3.652 3.708 3.708 14.767
100 5.895 5.992 6.080 6.112 24.078
120 6.893 7.207 7.260 6.977 28.337
140 8.173 8.303 8.418 7.900 32.795
200 10.843 11.418 11.350 11.200 44.812
260 14.538 14.772 15.313 14.765 59.388
320 17.737 17.957 18.212 17.683 71.588
400 21.627 21.063 21.222 21.678 85.590
480 25.730 25.455 24.965 25.473 101.623
640 28.002 27.787 28.313 28.478 112.580
800 28.515 28.608 29.062 28.687 114.872
960 29.788 29.125 29.197 29.388 117.498

Table D.17 Object throughputs for RR-S (4-server), 1.143σ =
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 908.8 607.4 308.9 1042.0 2867.1
10 9040.6 12092.5 8471.3 11519.1 41123.5
20 22233.4 26832.9 26200.5 30144.6 105411.4
40 45327.0 46230.3 46348.7 43474.6 181380.7
60 75806.5 75066.1 71376.9 79254.3 301503.7
100 127327.7 119331.1 128432.9 124460.6 499552.3
120 143944.5 141724.5 148091.3 150068.4 583828.8
140 167251.7 160787.3 168461.6 166504.2 663004.8
200 216420.5 240423.7 227037.8 227060.6 910942.6
260 290954.6 292166.0 329194.2 311717.1 1224031.9
320 356468.2 370962.1 398962.7 355018.7 1481411.7
400 457047.7 422245.8 435175.0 459085.5 1773554.0
480 517804.3 529278.2 529286.2 531208.3 2107577.0
640 579295.6 583640.2 587330.4 592936.8 2343203.0
800 596801.8 610133.0 599995.9 586773.2 2393703.9
960 613777.6 605899.4 612240.8 610977.1 2442894.9

Table D.18 Byte throughputs for RR-S (4-server), 1.143σ =

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 0.031 0.024 0.000 0.000 0.028
10 0.059 0.064 0.040 0.040 0.050
20 0.079 0.068 0.080 0.048 0.070
40 0.568 0.315 0.117 0.145 0.293
60 0.360 0.140 0.236 0.153 0.225
100 0.365 0.623 0.272 0.236 0.390
120 0.414 0.406 0.540 0.361 0.437
140 0.733 0.382 0.497 0.430 0.517
200 0.748 0.641 0.609 0.525 0.632
260 0.848 0.473 0.540 0.747 0.653
320 1.065 0.753 0.675 0.726 0.813
400 1.439 0.829 0.915 0.885 1.031
480 1.906 1.071 1.028 1.025 1.270
640 3.401 1.568 2.943 1.416 2.371
800 7.551 1.522 2.650 2.694 3.744
960 10.211 3.745 3.093 2.395 5.087

Table D.19 Average latencies for XSIZE-S (4-server), 1.143σ = , averaging window = 1s
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 0.175 0.113 0.000 0.000 0.288
10 0.672 0.437 0.645 0.613 2.367
20 1.330 1.228 1.300 1.060 4.918
40 2.725 2.542 2.445 2.545 10.257
60 3.732 3.483 3.512 3.320 14.047
100 6.668 7.038 5.580 5.340 24.627
120 6.880 7.508 8.153 5.952 28.493
140 8.592 7.523 8.557 7.828 32.500
200 11.677 11.935 10.750 11.312 45.673
260 14.987 14.802 14.198 14.347 58.333
320 19.255 17.173 16.810 16.963 70.202
400 22.587 19.595 20.305 20.005 82.492
480 25.302 23.247 23.195 23.733 95.477
640 28.840 25.858 26.647 25.405 106.750
800 29.800 25.677 26.298 26.325 108.100
960 29.635 25.207 25.593 24.897 105.332

Table D.20 Object throughputs for XSIZE-S (4-server), 1.143σ = , averaging window = 1s

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 2341.7 525.4 0.0 0.0 2867.1
10 13085.1 7641.4 10750.6 9719.8 41197.0
20 32476.1 24477.3 25440.6 20327.6 102721.7
40 49681.6 58835.9 46612.5 52892.9 208022.9
60 70853.6 65941.6 73175.3 75762.1 285732.6
100 137021.9 149706.2 113623.6 108770.0 509121.7
120 147425.1 154637.5 166119.7 119479.6 587661.9
140 172719.2 149182.4 184455.0 152553.4 658909.9
200 231147.2 246081.8 221799.9 229114.5 928143.3
260 293062.4 308955.0 293349.2 305767.6 1201134.2
320 376731.8 365302.5 361008.8 356445.9 1459488.9
400 460293.3 411590.3 419860.7 412766.2 1704510.5
480 520964.7 481988.6 492135.0 483603.3 1978691.6
640 589595.4 553344.8 543687.3 534097.3 2220724.9
800 610053.1 535569.6 550594.1 552773.9 2248990.6
960 627698.9 516660.7 527551.3 516100.2 2188011.1

Table D.21 Byte throughputs for XSIZE-S (4-server), 1.143σ = , averaging window = 1s
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 0.030 0.028 0.020 0.031 0.028
10 0.082 0.066 0.043 0.053 0.062
20 0.098 0.107 0.058 0.084 0.087
40 0.305 0.261 0.613 0.375 0.393
60 0.434 0.280 0.318 0.316 0.334
100 0.372 0.793 0.479 0.576 0.529
120 0.295 0.427 0.337 0.385 0.364
140 0.483 0.588 0.394 0.539 0.501
200 0.653 0.407 0.549 0.393 0.494
260 0.544 0.600 0.611 0.629 0.596
320 0.828 0.807 0.953 0.850 0.856
400 0.832 0.876 0.868 0.921 0.875
480 1.018 0.962 1.084 0.998 1.016
640 1.968 2.019 1.732 1.998 1.928
800 3.265 3.352 3.315 3.269 3.300
960 4.448 4.455 4.508 4.467 4.470

Table D.22 Average latencies for XSIZE-S (4-server), 1.143σ = , averaging window = 1s

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 0.067 0.088 0.047 0.087 0.288
10 0.510 0.785 0.290 0.773 2.358
20 1.293 1.440 1.287 1.237 5.257
40 1.858 2.420 2.287 1.280 7.845
60 3.675 4.492 4.027 3.423 15.617
100 6.235 3.767 6.180 6.092 22.273
120 6.152 6.823 7.048 8.508 28.532
140 7.733 8.775 8.528 7.993 33.030
200 11.065 13.265 11.112 12.102 47.543
260 15.183 14.565 15.065 14.823 59.637
320 17.145 19.353 15.983 16.070 68.552
400 22.288 21.653 21.660 22.722 88.323
480 23.113 25.325 26.680 25.698 100.817
640 29.542 28.867 29.973 29.638 118.020
800 27.840 27.602 28.877 29.273 113.592
960 30.160 29.025 29.583 29.587 118.355

Table D.23 Object throughputs for CONN-S (4-server), 1.143σ = , averaging window = 1s
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 667.6 958.3 190.2 1050.9 2867.1
10 9592.1 13473.3 6500.7 11441.4 41007.5
20 28807.3 28403.4 23905.5 26754.6 107870.8
40 37363.6 55224.6 46748.6 22258.5 161595.4
60 70683.4 98355.4 82159.2 70897.5 322095.5
100 128194.1 75502.4 128930.0 127549.7 460176.2
120 126215.4 142924.3 146104.8 173910.1 589154.6
140 150736.6 185813.7 174652.2 156337.8 667540.4
200 234700.6 261409.4 220481.1 249653.7 966244.8
260 315303.6 300586.6 311579.8 302597.1 1230067.0
320 365409.3 402596.7 322100.0 328391.5 1418497.6
400 457243.9 443195.5 450214.9 473044.0 1823698.4
480 477807.9 529525.6 548994.8 536118.5 2092446.9
640 608326.9 614222.2 621629.0 613025.2 2457203.3
800 589131.9 588380.2 588736.2 598470.3 2364718.6
960 615489.8 605858.7 615015.8 621753.8 2458118.2

Table D.24 Byte throughputs for CONN-S (4-server), 1.143σ = , averaging window = 1s

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 0.028 0 0 0 0.028
10 0.039 0.056 0.04 0.042 0.045
20 0.069 0.065 0.07 0.083 0.072
40 0.212 0.2 0.269 0.523 0.293
60 0.232 0.178 0.249 0.174 0.211
100 0.504 0.472 0.342 0.363 0.413
120 0.396 0.329 0.443 0.291 0.365
140 0.411 0.534 0.503 0.692 0.529
200 0.554 0.578 0.465 0.6 0.548
260 0.559 0.609 0.563 0.573 0.577
320 0.646 0.798 0.721 0.824 0.745
400 0.803 0.832 0.891 0.89 0.854
480 0.958 1.061 1.534 0.983 1.14
640 3.082 1.895 1.699 1.657 2.097
800 3.243 2.762 4.849 2.855 3.463
960 6.105 4.049 4.014 3.755 4.483

Table D.25 Average latencies for RT-S (4-server), 1.143σ = , averaging window = 1s
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 0.288 0.000 0.000 0.000 0.288
10 0.630 0.752 0.328 0.658 2.368
20 1.307 1.180 1.417 1.227 5.130
40 2.628 2.802 2.020 2.278 9.728
60 3.180 3.505 4.258 3.192 14.135
100 5.485 5.265 6.983 6.045 23.778
120 6.253 6.938 7.070 6.638 26.900
140 9.052 8.185 8.438 7.722 33.397
200 11.053 12.313 12.562 11.382 47.310
260 14.543 17.025 15.290 13.813 60.672
320 18.487 15.758 17.245 17.553 69.043
400 21.832 20.943 21.605 20.453 84.833
480 23.168 23.882 25.302 24.625 96.977
640 29.545 26.880 27.958 28.593 112.977
800 26.960 27.315 29.620 26.288 110.183
960 29.240 28.975 29.140 29.133 116.488

Table D.26 Object throughputs for RT-S (4-server), 1.143σ = , averaging window = 1s

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 2867.1 0.0 0.0 0.0 2867.1
10 9346.9 14450.7 5449.6 11952.1 41199.4
20 30526.3 22600.4 27191.3 25906.6 106224.5
40 56278.6 54134.6 39800.8 48341.4 198555.4
60 62788.6 76001.0 86959.0 64201.9 289950.5
100 113721.2 108574.3 145334.6 126250.3 493880.2
120 136178.3 143449.2 137608.1 136183.9 553419.5
140 186196.2 168236.2 161669.9 161782.1 677884.4
200 225082.8 239621.8 257251.3 238182.6 960138.4
260 298069.8 360394.4 308293.8 285559.9 1252317.9
320 385617.1 323488.1 363780.3 364378.0 1437263.6
400 452674.1 428287.0 441946.6 435166.5 1758074.2
480 496824.0 495837.8 515956.0 502465.6 2011083.4
640 602300.4 548219.1 594215.0 605122.0 2349856.5
800 548641.0 572293.2 609305.1 557286.9 2287526.2
960 586039.6 596513.1 622269.2 617404.8 2422226.5

Table D.27 Byte throughputs for RT-S (4-server), 1.143σ = , averaging window = 1s
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 0.021 0.045 0.027 0.030 0.028
10 0.038 0.063 0.044 0.043 0.047
20 0.068 0.073 0.103 0.073 0.079
40 0.094 0.237 0.443 0.359 0.287
60 0.199 0.262 0.293 0.130 0.221
100 0.250 0.340 0.427 0.397 0.352
120 0.796 0.641 0.426 0.621 0.622
140 0.543 0.423 0.604 0.533 0.526
200 0.392 0.456 0.371 0.522 0.434
260 0.528 0.598 0.498 0.627 0.562
320 0.762 0.710 0.680 0.697 0.713
400 0.867 0.924 0.929 0.801 0.881
480 1.024 1.024 0.944 1.070 1.016
640 1.688 1.437 2.119 2.455 1.928
800 3.248 3.990 3.318 2.418 3.246
960 5.727 3.326 3.372 5.177 4.408

Table D.28 Average latencies for RAN-S (4-server), 1.143σ =

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 0.108 0.037 0.038 0.105 0.288
10 0.387 0.403 0.493 0.310 1.593
20 1.338 1.438 1.390 1.247 5.413
40 2.075 2.082 2.173 2.285 8.615
60 3.365 3.743 3.478 3.518 14.105
100 5.235 5.435 4.848 5.053 20.572
120 7.048 6.945 6.860 6.995 27.848
140 8.065 8.227 8.300 8.475 33.067
200 11.742 11.010 11.413 11.243 45.408
260 15.413 15.052 15.052 14.470 59.987
320 18.607 18.070 18.020 18.268 72.965
400 21.332 21.605 22.123 21.345 86.405
480 25.973 24.977 24.808 25.265 101.023
640 28.240 27.865 28.428 28.503 113.037
800 28.885 29.518 28.963 29.160 116.527
960 29.982 29.598 29.493 29.870 118.943

Table D.29 Object throughputs for RAN-S (4-server), 1.143σ =
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 377.7 932.8 327.6 1229.0 2867.1
10 5711.5 6185.4 8345.2 6797.6 27039.7
20 30494.0 29213.1 28313.0 24955.3 112975.5
40 37606.4 45807.7 46452.2 47383.3 177249.5
60 64414.7 74910.2 70297.8 79343.8 288966.5
100 108024.9 113415.4 97231.9 103568.9 422241.1
120 144981.2 138983.8 144038.2 148684.5 576687.8
140 160728.2 166146.3 172657.7 169783.4 669315.7
200 242740.7 211868.8 239954.1 228554.8 923118.4
260 324763.2 298729.6 313881.9 300381.2 1237755.9
320 367803.5 386385.4 382991.6 379603.6 1516784.2
400 440334.8 432499.0 481149.5 434540.1 1788523.4
480 528355.9 504806.4 520294.1 540002.7 2093459.2
640 592756.2 555130.9 608604.0 592622.6 2349113.8
800 592043.6 619951.3 605738.0 607249.8 2424982.8
960 621815.1 627354.6 593685.1 627001.0 2469855.8

Table D.30 Byte throughputs for RAN-S (4-server), 1.143σ =

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 0.147 0.132 0.070 0.061 0.108
10 0.113 0.182 0.132 0.114 0.134
20 0.147 0.174 0.229 0.142 0.173
40 0.181 0.381 0.380 0.181 0.278
60 0.297 0.343 0.288 0.411 0.335
100 0.464 0.612 0.630 0.448 0.539
120 0.625 0.586 0.643 0.596 0.611
140 0.692 0.720 0.603 0.521 0.634
200 0.696 0.722 0.750 0.765 0.733
260 0.930 0.789 0.910 0.895 0.881
320 1.111 1.229 1.227 1.155 1.181
400 1.507 1.550 1.668 1.709 1.609
480 2.104 2.392 2.007 2.206 2.175
640 2.227 5.046 2.707 5.093 3.782
800 5.455 5.316 5.825 5.383 5.494
960 7.150 6.396 5.913 7.879 6.838

Table D.31 Average latencies for RR-G (4-server), 2.5σ =
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 0.097 0.063 0.075 0.053 0.288
10 0.580 0.552 0.562 0.623 2.317
20 1.165 1.147 1.260 1.355 4.927
40 2.050 1.993 2.045 2.232 8.320
60 3.652 3.655 3.623 3.767 14.697
100 5.640 5.682 5.792 5.725 22.838
120 7.003 7.655 7.252 7.818 29.728
140 8.188 8.060 7.967 8.003 32.218
200 11.340 11.562 11.302 11.227 45.430
260 14.365 14.688 14.578 14.468 58.100
320 17.015 17.160 17.348 17.290 68.813
400 19.922 19.452 19.668 20.312 79.353
480 21.507 21.163 22.045 21.517 86.232
640 21.695 22.210 21.875 22.257 88.037
800 22.828 22.295 22.363 22.838 90.325
960 23.412 23.340 23.522 23.765 94.038

Table D.32 Object throughputs for RR-G (4-server), 2.5σ =

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 7514.7 3934.2 321.8 269.6 12040.2
10 25396.7 46233.3 23520.4 17096.4 112246.8
20 30466.4 92628.8 41236.2 37210.3 201541.6
40 81402.5 75597.8 52609.4 92884.4 302494.1
60 92332.0 194583.1 106818.6 123865.9 517599.6
100 223662.0 172605.0 214924.7 186563.1 797754.8
120 244536.0 279482.3 257357.6 328206.5 1109582.5
140 369253.7 276462.2 271787.5 239243.4 1156746.8
200 356960.2 638939.2 361649.1 394043.4 1751591.9
260 633891.9 542995.1 454033.4 499853.9 2130774.3
320 528368.2 734918.3 729466.9 823636.7 2816390.1
400 610056.5 689560.2 886052.6 915293.7 3100963.0
480 777953.5 879156.8 689021.5 990232.5 3336364.3
640 640513.9 905646.2 697763.8 1139223.5 3383147.3
800 813639.7 1163592.6 645610.7 815676.4 3438519.4
960 1070920.3 814359.5 885171.9 962258.1 3732709.8

Table D.33 Byte throughputs for RR-G (4-server), 2.5σ =
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 0.110 0.104 0.000 0.000 0.108
10 0.138 0.106 0.131 0.135 0.127
20 0.159 0.599 0.598 0.162 0.365
40 0.207 0.449 0.413 0.265 0.334
60 0.526 0.403 0.862 0.240 0.486
100 0.673 0.618 0.509 0.598 0.600
120 0.513 0.504 0.621 0.536 0.544
140 0.870 0.622 0.726 0.539 0.695
200 0.918 0.911 0.898 0.727 0.866
260 1.635 1.046 0.877 0.932 1.149
320 1.705 1.194 1.132 1.023 1.278
400 2.950 1.521 1.398 1.961 2.003
480 3.964 2.677 1.740 2.487 2.766
640 6.016 3.800 3.714 3.447 4.317
800 8.327 7.184 4.299 3.996 6.057
960 11.497 4.583 3.405 9.762 7.562

Table D.34 Average latencies for XSIZE-G (4-server), 2.5σ = , averaging window = 1s

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 0.193 0.095 0.000 0.000 0.288
10 0.745 0.692 0.623 0.603 2.663
20 1.450 1.197 1.207 1.285 5.138
40 2.683 2.530 2.675 2.368 10.257
60 3.748 3.790 3.035 4.002 14.575
100 6.242 5.465 6.108 4.450 22.265
120 6.798 6.568 6.967 7.325 27.658
140 9.267 8.803 7.250 7.835 33.155
200 12.407 10.682 10.222 10.533 43.843
260 15.992 13.290 13.433 12.618 55.333
320 18.293 16.010 16.108 16.190 66.602
400 20.378 17.120 17.022 18.152 72.672
480 21.325 18.525 18.202 18.698 76.750
640 23.143 20.153 19.807 19.480 82.583
800 23.727 20.980 20.432 20.165 85.303
960 24.773 20.415 20.360 21.808 87.357

Table D.35 Object throughputs for XSIZE-G (4-server), 2.5σ = , averaging window = 1s
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 8192.4 3847.8 0.0 0.0 12040.3
10 28954.6 21670.3 35711.4 35382.7 121719.0
20 65413.4 35966.2 46144.2 62489.1 210013.0
40 95188.5 94950.8 79322.9 107621.5 377083.7
60 127598.9 148935.6 88866.2 133811.1 499211.8
100 205286.9 200548.9 230987.1 147304.0 784126.9
120 271856.9 340120.1 215052.3 214669.4 1041698.8
140 391514.1 237784.8 238277.5 316332.9 1183909.3
200 466135.9 339053.8 430580.6 305175.4 1540945.6
260 651214.2 454871.5 532480.3 408142.9 2046708.9
320 718663.7 601087.8 649775.7 776179.8 2745706.9
400 899157.2 627725.0 572916.4 826207.3 2926005.9
480 757845.6 657247.9 741712.7 873211.9 3030018.0
640 973215.5 789681.2 717983.5 735865.3 3216745.4
800 750241.8 1093471.0 627204.6 835394.6 3306312.0
960 1066657.8 707480.4 676591.3 909400.7 3360130.2

Table D.36 Byte throughputs for XSIZE-G (4-server), 2.5σ = , averaging window = 1s

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 0.070 0.175 0.073 0.074 0.108
10 0.164 0.168 0.122 0.216 0.167
20 0.149 0.161 0.168 0.146 0.154
40 0.249 0.192 0.315 0.178 0.227
60 0.733 0.379 1.097 0.285 0.611
100 0.347 0.718 0.425 0.463 0.479
120 0.828 0.712 0.510 0.685 0.675
140 0.640 0.621 0.574 0.646 0.621
200 0.913 0.742 0.977 0.766 0.846
260 0.921 1.011 0.993 0.939 0.964
320 1.220 1.284 1.219 1.168 1.222
400 1.494 1.483 1.581 1.535 1.524
480 2.113 2.201 2.100 2.316 2.181
640 3.843 4.149 4.019 3.997 4.000
800 5.272 5.565 5.450 5.307 5.398
960 6.847 6.825 6.807 6.791 6.817

Table D.37 Average latencies for CONN-G (4-server), 2.5σ = , averaging window = 1s
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 0.038 0.098 0.092 0.060 0.288
10 0.683 0.630 0.678 0.640 2.632
20 1.017 0.422 1.143 1.877 4.458
40 1.852 3.077 2.085 2.390 9.403
60 3.055 4.160 3.095 2.795 13.105
100 6.760 5.250 4.853 5.837 22.700
120 6.470 6.905 7.957 6.493 27.825
140 7.752 8.477 7.743 9.257 33.228
200 10.605 12.072 10.762 10.765 44.203
260 15.530 13.685 14.443 15.428 59.087
320 16.742 16.172 16.862 17.363 67.138
400 20.217 19.053 20.272 20.608 80.150
480 21.333 21.502 22.728 21.103 86.667
640 22.258 21.282 20.868 21.977 86.385
800 22.583 22.700 22.730 23.052 91.065
960 23.470 23.293 23.562 23.593 93.918

Table D.38 Object throughputs for CONN-G (4-server), 2.5σ = , averaging window = 1s

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 185.1 10436.7 454.7 963.7 12040.3
10 48339.3 21350.7 20864.5 30418.8 120973.3
20 30594.6 17322.7 87660.8 53888.1 189466.2
40 67897.3 106155.1 88063.0 96727.9 358843.3
60 127411.8 137960.3 100105.4 98477.4 463954.9
100 221590.4 176885.8 221737.4 178234.9 798448.5
120 235691.4 224216.2 298944.7 297214.1 1056066.3
140 234334.9 307989.1 258369.8 389633.1 1190326.9
200 474955.4 360374.4 368376.5 347070.0 1550776.3
260 534165.6 444207.2 648966.2 532856.5 2160195.6
320 771662.2 554708.7 701221.8 724246.5 2751839.3
400 842338.7 643998.3 919669.2 724375.8 3130382.0
480 853305.8 957919.3 693214.9 838759.2 3343199.2
640 804444.1 711897.8 937488.2 882080.6 3335910.6
800 826149.0 902575.5 780653.8 1044684.8 3554063.0
960 1001744.4 841033.6 913342.1 975529.7 3731649.7

Table D.39 Byte throughputs for CONN-G (4-server), 2.5σ = , averaging window = 1s
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 0.108 0.000 0.000 0.000 0.108
10 0.152 0.115 0.138 0.165 0.142
20 0.165 0.157 0.600 0.605 0.349
40 0.545 0.328 0.225 0.534 0.394
60 0.312 0.393 0.247 0.224 0.290
100 0.485 0.489 0.568 0.756 0.559
120 0.690 0.613 0.677 0.546 0.630
140 0.692 0.634 0.750 0.661 0.683
200 0.712 1.003 0.759 0.801 0.815
260 0.913 1.004 0.958 0.849 0.932
320 1.213 1.283 1.301 1.184 1.245
400 2.132 1.506 1.589 1.548 1.703
480 3.405 2.293 1.933 1.816 2.370
640 6.869 2.449 3.444 3.145 4.036
800 10.698 4.273 3.477 3.112 5.629
960 12.715 5.023 5.121 4.535 7.064

Table D.40 Average latencies for RT-G (4-server), 2.5σ = , averaging window = 1s

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 0.288 0.000 0.000 0.000 0.288
10 0.760 0.675 0.653 0.565 2.653
20 1.507 1.517 1.075 1.173 5.272
40 2.238 2.225 2.980 2.247 9.690
60 3.737 3.242 4.302 3.490 14.770
100 5.812 7.402 6.218 4.578 24.010
120 7.153 7.377 5.477 6.690 26.697
140 7.190 7.897 7.767 8.435 31.288
200 12.307 10.955 11.462 11.232 45.955
260 15.112 15.335 14.700 14.187 59.333
320 17.233 17.012 17.140 16.697 68.082
400 20.943 19.520 18.857 19.110 78.430
480 21.092 20.705 20.393 20.473 82.663
640 22.685 20.587 21.025 21.542 85.838
800 24.927 21.243 20.910 20.877 87.957
960 24.868 21.370 21.720 21.632 89.590

Table D.41 Object throughputs for RT-G (4-server), 2.5σ = , averaging window = 1s
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 12040.3 0.0 0.0 0.0 12040.3
10 47768.9 19515.2 22785.5 31151.0 121220.5
20 58851.2 72578.3 24310.8 58821.2 214561.6
40 90008.9 115436.4 95464.9 63915.1 364825.3
60 118238.4 134127.5 134429.0 117103.4 503898.3
100 171354.7 239906.1 209361.3 205715.3 826337.5
120 344776.7 224987.4 209133.2 230903.7 1009801.0
140 227006.1 363902.2 269928.3 264064.3 1124900.9
200 400494.2 466882.8 506776.5 389471.1 1763624.7
260 426669.8 657634.3 517178.5 572006.0 2173488.7
320 735307.0 690164.8 831065.6 523426.1 2779963.5
400 1034647.7 781620.3 678952.1 583234.5 3078454.5
480 840696.6 677887.3 706708.0 991001.2 3216293.1
640 825194.9 614667.8 900629.2 978029.1 3318521.0
800 749605.8 886955.2 835355.5 894477.8 3366394.4
960 859925.9 824134.7 1035619.9 699292.9 3418973.3

Table D.42 Byte throughputs for RT-G (4-server), 2.5σ = , averaging window = 1s

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 0.070 0.161 0.136 0.058 0.108
10 0.239 0.138 0.119 0.101 0.151
20 0.161 0.163 0.167 0.150 0.161
40 0.187 0.487 0.478 0.281 0.357
60 0.530 0.517 0.460 0.326 0.462
100 0.342 0.527 0.838 0.513 0.560
120 0.791 0.716 0.774 0.424 0.670
140 0.519 0.577 0.566 0.516 0.545
200 0.831 0.771 0.693 0.798 0.774
260 0.968 0.901 0.862 0.818 0.888
320 1.188 1.008 1.107 1.194 1.126
400 1.534 1.505 1.808 1.708 1.638
480 1.815 2.363 3.080 1.943 2.308
640 5.703 2.544 2.702 4.220 3.803
800 5.755 6.192 4.723 4.981 5.420
960 6.208 5.338 8.322 7.493 6.864

Table D.43 Average latencies for RAN-G (4-server), 2.5σ =
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 0.112 0.077 0.065 0.035 0.288
10 0.668 0.628 0.525 0.702 2.523
20 1.073 1.295 1.087 1.092 4.547
40 2.230 2.160 2.305 2.418 9.113
60 3.992 3.760 3.880 3.495 15.127
100 5.265 6.027 5.873 5.998 23.163
120 6.338 6.038 6.080 6.850 25.307
140 7.625 7.922 7.865 7.647 31.058
200 11.743 11.445 11.325 11.663 46.177
260 14.588 14.592 14.123 14.688 57.992
320 17.072 16.372 17.328 17.662 68.433
400 19.913 19.922 19.500 19.885 79.220
480 20.617 21.607 21.697 21.130 85.050
640 22.355 21.390 22.313 21.613 87.672
800 22.643 23.100 22.310 22.563 90.617
960 22.608 23.032 23.843 24.195 93.678

Table D.44 Object throughputs for RAN-G (4-server), 2.5σ =

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 1142.9 6859.3 3983.3 54.8 12040.3
10 56397.7 30190.9 14429.2 18145.3 119163.1
20 34796.2 45597.0 65459.0 45177.6 191029.8
40 88357.9 83067.6 89797.1 75560.2 336782.7
60 152874.7 145997.3 141527.6 89810.8 530210.4
100 158190.1 178340.2 266541.5 206971.1 810042.9
120 238731.4 204814.8 175319.9 243505.1 862371.2
140 253056.7 290701.0 214346.4 262167.8 1020271.7
200 400475.4 507034.3 492295.8 370593.3 1770398.7
260 641241.3 558433.5 447284.3 481963.2 2128922.4
320 702583.9 709468.7 611433.2 772311.5 2795797.2
400 587029.1 778161.4 998138.9 740791.2 3104120.5
480 699864.9 802358.6 964101.2 828847.7 3295172.4
640 1032374.9 892717.1 808010.9 640190.8 3373293.7
800 866803.9 1008555.8 748773.8 918548.7 3542682.2
960 739880.4 836492.6 1135071.6 1014424.7 3725869.2

Table D.45 Byte throughputs for RAN-G (4-server), 2.5σ =
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 0.142 0.127 0.070 0.060 0.105
10 0.786 0.804 0.152 0.155 0.464
20 0.222 0.157 0.270 0.187 0.210
40 0.505 0.236 0.174 0.972 0.482
60 0.362 0.442 0.239 0.308 0.338
100 0.590 0.621 0.497 0.619 0.583
120 0.583 0.556 0.468 0.502 0.527
140 0.461 0.504 0.504 0.446 0.478
200 0.815 0.925 0.790 0.626 0.787
260 0.762 0.889 0.783 0.863 0.824
320 1.060 1.004 1.164 1.193 1.106
400 1.530 1.414 1.494 1.555 1.498
480 2.028 1.821 1.781 2.937 2.143
640 4.114 3.944 2.583 4.527 3.788
800 5.847 4.987 4.933 5.661 5.360
960 7.303 6.511 6.676 6.320 6.705

Table D.46 Average latencies for RR-S (4-server), 2.5σ =

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 0.097 0.063 0.075 0.053 0.288
10 0.612 0.573 0.607 0.652 2.443
20 1.265 1.277 1.382 1.457 5.380
40 2.035 1.972 2.042 2.178 8.227
60 3.542 3.628 3.578 3.573 14.322
100 6.230 6.283 5.997 6.330 24.840
120 7.112 7.197 7.115 7.070 28.493
140 8.495 8.572 8.322 8.712 34.100
200 11.742 11.383 11.602 11.938 46.665
260 15.053 15.300 15.052 14.855 60.260
320 16.555 16.487 16.700 17.178 66.920
400 20.375 20.503 20.623 20.307 81.808
480 21.888 21.600 22.163 22.047 87.698
640 21.662 21.813 21.728 21.302 86.505
800 22.627 22.423 22.237 22.728 90.015
960 23.707 23.635 23.685 23.247 94.273

Table D.47 Object throughputs for RR-S (4-server), 2.5σ =
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 7514.7 3934.2 321.8 269.6 12040.2
10 31977.8 18256.4 30003.1 33889.7 114127.0
20 42662.1 35184.6 60415.0 80412.2 218674.0
40 94278.4 57007.1 82283.8 66471.5 300040.9
60 132879.3 113587.0 127505.5 119645.8 493617.6
100 181877.2 246744.9 191975.4 229872.3 850469.7
120 245338.3 399102.5 206151.9 223525.5 1074118.2
140 400860.8 254210.4 273302.5 291724.8 1220098.4
200 543052.6 470598.7 322705.4 449568.3 1785925.0
260 541855.2 501740.7 614370.4 540514.4 2198480.8
320 479554.7 835197.4 806047.8 634280.4 2755080.3
400 995957.5 832368.8 710322.0 635430.5 3174078.8
480 875462.4 817752.0 800503.1 882840.1 3376557.6
640 818734.2 984100.3 771993.1 764843.8 3339671.4
800 1011147.2 971796.0 706717.7 836825.0 3526486.0
960 909845.5 900035.6 1132045.0 796541.9 3738468.1

Table D.48 Byte throughputs for RR-S (4-server), 2.5σ =

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 0.126 0.067 0.000 0.000 0.105
10 0.163 0.104 0.151 0.147 0.142
20 0.154 0.155 0.169 0.138 0.153
40 0.183 0.220 0.310 0.397 0.280
60 0.322 0.237 0.238 0.207 0.252
100 0.775 0.830 0.631 0.481 0.676
120 0.648 0.524 0.613 0.501 0.570
140 0.768 0.555 0.611 0.531 0.628
200 1.042 0.779 0.738 0.877 0.861
260 1.901 0.723 0.802 0.846 1.130
320 2.373 2.426 0.991 0.894 1.775
400 3.453 3.938 3.298 0.916 3.062
480 5.485 2.668 3.365 1.243 3.429
640 7.387 6.983 1.420 4.013 5.290
800 11.970 5.363 1.225 6.215 6.709
960 17.397 5.643 3.619 1.896 8.385

Table D.49 Average latencies for XSIZE-S (4-server), 2.5σ = , averaging window = 1s
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 0.185 0.103 0.000 0.000 0.288
10 0.738 0.655 0.687 0.573 2.653
20 1.300 1.382 1.118 1.425 5.225
40 2.090 2.300 2.208 2.327 8.925
60 3.587 3.572 3.735 3.172 14.065
100 5.557 5.995 5.163 6.340 23.055
120 7.837 7.637 6.338 7.670 29.482
140 10.398 8.508 8.775 7.223 34.905
200 11.975 11.908 10.952 10.232 45.067
260 16.197 11.767 12.102 13.065 53.130
320 16.238 17.775 12.890 12.680 59.583
400 17.197 17.183 15.225 11.832 61.437
480 21.712 16.945 16.663 14.018 69.338
640 20.092 19.905 14.093 16.653 70.743
800 21.537 19.948 13.972 19.870 75.327
960 25.553 18.753 17.788 14.502 76.597

Table D.50 Object throughputs for XSIZE-S (4-server), 2.5σ = , averaging window = 1s

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 11653.2 387.1 0.0 0.0 12040.3
10 47125.6 13704.2 20322.4 40068.3 121220.5
20 61145.3 40729.3 40005.4 71443.0 213323.0
40 80902.5 86526.9 92406.1 56128.6 315964.2
60 115459.4 121548.1 148104.2 101494.9 486606.6
100 204709.1 267256.8 142019.8 191246.3 805232.1
120 305282.3 267726.9 294328.0 233382.4 1100719.6
140 329652.7 342288.9 322105.2 244452.0 1238498.8
200 335597.8 442193.0 469945.4 493029.8 1740766.2
260 787990.0 349088.1 412695.0 414399.5 1964172.7
320 619027.5 967788.0 405268.7 334255.9 2326340.0
400 564213.5 673971.8 602646.6 645825.5 2486657.4
480 974313.3 726747.1 719909.0 409797.0 2830766.3
640 789748.6 880659.1 529120.7 674561.4 2874089.7
800 668877.2 871050.5 459751.6 994703.3 2994382.6
960 1262314.2 669680.9 644593.4 447446.7 3024035.1

Table D.51 Byte throughputs for XSIZE-S (4-server), 2.5σ = , averaging window = 1s
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 0.129 0.111 0.100 0.068 0.105
10 0.118 0.176 0.139 0.142 0.144
20 0.184 0.183 0.186 0.132 0.171
40 0.272 0.228 0.190 0.221 0.229
60 0.282 0.406 0.454 0.324 0.367
100 0.467 0.597 0.501 0.544 0.522
120 0.823 0.683 0.630 0.514 0.651
140 0.662 0.627 0.464 0.662 0.602
200 0.701 0.657 0.727 0.869 0.735
260 0.789 0.793 0.825 0.847 0.812
320 1.091 1.096 1.066 1.130 1.095
400 1.541 1.473 1.443 1.538 1.498
480 2.065 1.898 2.111 2.004 2.020
640 3.814 3.984 3.872 3.852 3.880
800 5.557 5.318 5.322 5.377 5.393
960 6.729 6.717 6.787 6.939 6.792

Table D.52 Average latencies for XSIZE-S (4-server), 2.5σ = , averaging window = 1s

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 0.067 0.085 0.088 0.048 0.288
10 0.658 0.662 0.653 0.677 2.650
20 1.093 1.500 1.480 1.410 5.483
40 2.852 3.055 2.725 2.172 10.803
60 2.778 4.115 2.828 4.058 13.780
100 6.783 4.965 6.552 6.085 24.385
120 5.718 7.328 7.530 7.813 28.390
140 8.618 7.610 8.318 7.460 32.007
200 12.423 11.612 11.815 10.690 46.540
260 14.848 15.810 15.352 13.130 59.140
320 17.373 17.042 18.030 16.895 69.340
400 19.593 20.853 19.515 20.052 80.013
480 21.128 21.660 22.077 21.733 86.598
640 22.183 21.520 21.812 22.053 87.568
800 22.648 22.590 23.142 21.863 90.243
960 23.415 23.648 23.318 23.017 93.398

Table D.53 Object throughputs for CONN-S (4-server), 2.5σ = , averaging window = 1s
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 4456.3 3931.9 3485.2 166.9 12040.3
10 20288.8 39008.4 33115.4 28794.7 121207.3
20 46043.0 89312.3 44450.4 40743.8 220549.5
40 127827.9 112060.9 99911.8 53642.5 393443.1
60 75471.5 154851.0 80893.5 166996.4 478212.4
100 196956.7 171259.2 246983.5 220561.5 835760.9
120 243673.8 238410.1 254596.9 337913.3 1074594.1
140 314935.4 259146.9 255379.6 212965.0 1042426.8
200 416427.9 469955.5 362373.0 364871.9 1613628.2
260 480339.7 510207.5 474200.8 693776.2 2158524.2
320 664066.9 895462.9 763560.9 509747.0 2832837.6
400 859520.7 753383.0 563682.4 945762.9 3122348.9
480 632115.9 976008.0 736647.8 1000348.7 3345120.3
640 721645.7 996449.3 873928.5 776520.9 3368544.3
800 727629.4 979940.3 699219.3 1034828.2 3441617.2
960 865634.0 1282803.7 763745.7 805848.1 3718031.5

Table D.54 Byte throughputs for CONN-S (4-server), 2.5σ = , averaging window = 1s

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 0.105 0.000 0.000 0.000 0.105
10 0.136 0.167 0.166 0.130 0.149
20 0.222 0.138 0.165 0.170 0.175
40 0.186 0.196 0.198 0.335 0.230
60 0.244 0.276 0.255 0.244 0.254
100 0.394 0.570 0.613 0.398 0.489
120 0.685 0.520 0.705 0.605 0.626
140 0.560 0.666 0.667 0.706 0.648
200 0.698 0.652 0.607 0.683 0.658
260 0.930 0.825 0.879 0.753 0.847
320 1.073 1.057 1.099 1.117 1.087
400 1.527 1.586 1.509 1.449 1.519
480 2.269 2.111 1.911 2.119 2.103
640 3.999 3.844 3.238 4.285 3.837
800 5.064 5.426 5.661 5.261 5.356
960 5.334 5.386 10.734 5.660 6.826

Table D.55 Average latencies for RT-S (4-server), 2.5σ = , averaging window = 1s
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 0.288 0.000 0.000 0.000 0.288
10 0.710 0.613 0.525 0.542 2.390
20 1.502 1.375 1.172 1.132 5.180
40 2.227 2.975 2.105 2.515 9.822
60 3.788 3.400 3.637 4.008 14.833
100 5.445 6.803 4.603 6.622 23.473
120 7.563 7.437 6.213 7.060 28.273
140 8.765 9.007 8.297 7.848 33.917
200 11.343 12.027 12.908 12.073 48.352
260 14.570 14.707 16.027 14.955 60.258
320 17.292 17.653 17.665 18.027 70.637
400 18.782 20.537 20.538 18.628 78.485
480 21.518 21.820 21.482 20.988 85.808
640 21.473 22.123 22.712 22.187 88.495
800 21.917 22.973 22.938 23.293 91.122
960 22.735 22.873 23.827 22.480 91.915

Table D.56 Object throughputs for RT-S (4-server), 2.5σ = , averaging window = 1s

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 12040.3 0.0 0.0 0.0 12040.3
10 33622.9 46103.6 19535.5 14191.9 113453.8
20 74390.3 49036.9 30218.1 57525.7 211171.0
40 73256.6 105639.4 87609.5 100484.9 366990.4
60 162020.7 110623.0 132156.7 117011.9 521812.3
100 211692.3 223290.1 159307.9 219499.5 813789.9
120 263445.5 340149.4 193617.5 270570.4 1067782.7
140 278162.7 306545.4 397682.3 233084.6 1215475.1
200 461961.2 579988.5 407147.6 376896.1 1825993.4
260 448831.6 566279.2 532066.8 647621.3 2194798.9
320 711689.9 587408.7 792571.5 775843.9 2867514.1
400 875598.4 718433.8 903494.2 585152.4 3082678.8
480 947253.6 754588.4 780096.4 837155.3 3319093.6
640 782775.8 827141.9 791549.1 990168.4 3391635.2
800 1056043.8 842478.6 808917.2 761802.2 3469241.8
960 1001462.7 811113.9 867695.6 809718.8 3489991.0

Table D.57 Byte throughputs for RT-S (4-server), 2.5σ = , averaging window = 1s
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 0.115 0.075 0.140 0.117 0.105
10 0.127 0.150 0.097 0.134 0.129
20 0.153 0.139 0.755 0.722 0.448
40 0.222 0.189 0.426 0.678 0.386
60 0.334 0.322 0.342 0.543 0.384
100 0.708 0.736 0.453 0.452 0.593
120 0.803 0.464 0.843 0.738 0.718
140 0.627 0.472 0.697 0.600 0.600
200 0.762 0.710 0.673 0.662 0.702
260 0.784 0.855 0.817 0.837 0.824
320 1.038 1.227 0.973 1.152 1.099
400 1.463 1.371 1.700 1.647 1.546
480 1.591 2.135 2.153 2.911 2.201
640 4.330 4.916 2.221 3.601 3.778
800 4.742 5.528 5.999 5.292 5.398
960 6.625 6.915 6.801 6.610 6.738

Table D.58 Average latencies for RAN-S (4-server), 2.5σ =

#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 0.068 0.105 0.047 0.068 0.288
10 0.688 0.758 0.540 0.677 2.663
20 1.373 1.213 1.352 1.325 5.263
40 2.507 2.307 2.327 2.633 9.773
60 3.755 4.447 3.610 3.902 15.713
100 5.702 5.877 5.267 5.292 22.137
120 6.853 6.283 6.990 7.028 27.155
140 8.840 8.282 8.592 8.668 34.382
200 11.690 11.828 11.733 11.918 47.170
260 15.050 16.192 14.628 15.055 60.925
320 17.457 17.977 17.382 17.660 70.475
400 19.517 20.095 20.005 20.277 79.893
480 20.712 20.540 20.803 21.093 83.148
640 22.123 22.303 21.660 21.848 87.935
800 22.322 23.098 23.298 22.550 91.268
960 23.548 23.267 23.850 23.490 94.155

Table D.59 Object throughputs for RAN-S (4-server), 2.5σ =
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 3253.7 1088.0 3887.4 3811.1 12040.3
10 35005.1 39795.0 15381.5 31537.4 121719.0
20 68892.2 40941.3 60580.6 43902.9 214317.0
40 91006.5 65192.2 111153.5 98904.8 366257.1
60 132866.1 155207.1 111190.1 148641.6 547905.0
100 206771.5 236544.2 161986.3 175737.9 781039.9
120 248345.6 208135.4 227793.2 239289.9 923564.1
140 366640.3 263047.4 331542.0 263755.3 1224985.0
200 306439.0 383942.0 720821.4 383468.4 1794670.8
260 478455.1 532286.5 653246.3 550390.9 2214378.7
320 697211.2 601011.2 819206.7 742343.4 2859772.5
400 776159.2 772412.0 921867.1 649500.0 3119938.3
480 664805.8 889801.2 759234.8 891846.7 3205688.5
640 661892.3 897183.5 856494.4 963288.1 3378858.2
800 708955.5 1046110.7 966277.7 841376.7 3562720.6
960 906506.2 1081139.5 990291.7 756772.8 3734710.2

Table D.60 Byte throughputs for RAN-S (4-server), 2.5σ =

#of UE’s Server
I

Server
II Mean

1 0.028 0.030 0.029
10 0.055 0.046 0.050
20 0.085 0.086 0.086
40 0.302 0.305 0.304
60 0.307 0.417 0.363
100 0.407 0.673 0.543
120 0.356 0.416 0.386
140 0.442 0.446 0.444
200 0.665 0.690 0.678
260 1.041 1.031 1.036
320 1.824 1.690 1.757
400 2.448 3.615 3.032
480 4.460 3.731 4.092
640 6.873 6.041 6.455
800 10.286 7.167 8.719
960 11.655 10.288 10.969

Table D.61 Average latencies for RR-G (2-server), 1.143σ =
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#of UE’s Server
I

Server
II

Mean

1 0.127 0.162 0.288
10 1.192 1.175 2.367
20 2.728 2.780 5.508
40 4.750 4.785 9.535
60 7.333 7.450 14.783
100 10.310 10.725 21.035
120 13.102 13.235 26.337
140 15.118 15.163 30.282
200 20.810 20.782 41.592
260 26.088 26.653 52.742
320 28.170 28.282 56.452
400 28.492 28.532 57.023
480 28.753 29.283 58.037
640 31.055 31.347 62.402
800 30.763 31.062 61.825
960 31.242 31.510 62.752

Table D.62 Object throughputs for RR-G (2-server), 1.143σ =

#of
UE’s

Server
I

Server
II Mean

1 1217.7 1649.4 2867.1
10 20203.6 20993.4 41197.0
20 56990.6 57800.1 114790.7
40 94908.6 99770.8 194679.5
60 146160.6 155662.7 301823.3
100 209760.0 221412.9 431172.9
120 265019.6 278806.1 543825.7
140 301014.0 313348.9 614362.9
200 422837.3 420203.3 843040.6
260 533671.0 542892.6 1076563.6
320 579015.8 575181.7 1154197.5
400 586639.7 578473.2 1165112.9
480 597247.6 589372.3 1186619.9
640 641916.1 637482.6 1279398.7
800 639112.5 629249.1 1268361.6
960 645923.1 640356.5 1286279.6

Table D.63 Byte throughputs for RR-G (2-server), 1.143σ =
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Server
V

Server
VI

Server
VII

Server
VIII

Mean

1 0.044 0.025 0.023 0.024 0.030 0.027 0.018 0.059 0.029
10 0.070 0.070 0.042 0.073 0.036 0.038 0.044 0.048 0.054
20 0.649 0.058 0.607 0.082 0.044 0.068 0.049 0.078 0.215
40 0.102 0.094 0.104 0.084 0.071 0.101 0.121 0.084 0.095
60 0.092 0.092 0.105 0.540 0.096 0.536 0.291 0.383 0.265
100 0.748 0.438 0.480 0.462 0.445 0.732 0.253 0.279 0.480
120 0.474 0.572 0.579 0.421 0.435 0.718 0.726 0.417 0.544
140 0.178 0.657 0.210 0.355 0.755 0.510 0.302 0.575 0.441
200 0.557 0.562 0.455 0.448 0.700 0.560 0.582 0.589 0.557
260 0.439 0.824 0.655 0.730 0.676 0.679 0.649 0.531 0.648
320 0.606 0.753 0.674 0.684 0.759 0.721 0.807 0.785 0.724
400 0.866 0.833 0.768 0.840 0.826 0.902 0.894 0.990 0.864
480 0.955 1.055 0.912 1.055 0.833 0.903 0.896 0.891 0.937
640 1.198 1.175 1.103 1.156 1.198 1.043 1.152 1.086 1.139
800 1.390 1.541 1.306 1.412 1.389 1.420 1.365 1.406 1.403
960 1.755 1.564 1.495 1.564 1.668 1.551 1.608 1.538 1.593

Table D.64 Average latencies for RR-G (8-server), 1.143σ =

#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Server
V

Server
VI

Server
VII

Server
VIII Mean

1 0.025 0.078 0.047 0.037 0.028 0.027 0.027 0.020 0.288
10 0.303 0.327 0.292 0.293 0.262 0.242 0.233 0.223 2.175
20 0.613 0.617 0.658 0.585 0.582 0.575 0.533 0.583 4.747
40 1.012 0.940 0.983 0.955 0.877 0.903 0.837 0.903 7.410
60 1.565 1.675 1.605 1.695 1.740 1.555 1.563 1.518 12.917
100 2.855 2.900 2.767 2.895 2.850 2.732 2.752 2.783 22.533
120 3.440 3.438 3.565 3.380 3.302 3.528 3.375 3.432 27.460
140 3.815 3.807 3.953 3.793 3.895 3.938 3.937 3.502 30.640
200 5.868 5.833 5.692 5.873 5.795 5.825 5.837 5.598 46.322
260 7.247 7.268 7.062 7.313 7.260 6.980 7.470 7.333 57.933
320 8.552 9.143 8.862 9.060 8.857 9.282 8.828 9.098 71.682
400 10.315 10.245 10.670 10.617 10.892 10.487 10.495 10.383 84.103
480 13.040 12.997 13.153 12.825 12.937 12.950 13.185 12.877 103.963
640 17.403 17.263 17.395 17.417 17.248 17.297 17.702 16.927 138.652
800 20.688 20.548 20.980 20.705 21.005 20.867 20.810 20.757 166.360
960 24.878 24.173 24.347 24.302 24.232 24.298 24.290 24.138 194.658

Table D.65 Object throughputs for RR-G (8-server), 1.143σ =
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Server
V

Server
VI

Server
VII

Server
VIII

Mean

1 570.8 449.4 258.7 245.6 338.0 157.9 50.2 796.5 2867.1

10 4597.8 5446.2 5981.1 4940.6 4031.5 3216.5 4277.7 5280.7 37772.0

20 11542.4 10590.4 19386.3 12459.4 10557.9 12381.0 11619.2 11212.0 99748.6

40 21615.4 19122.5 18462.4 18045.3 15666.4 19484.5 20252.8 21027.4 153676.8

60 33357.3 34329.7 32984.5 33121.7 32691.0 30121.7 34003.1 36185.3 266794.1

100 64039.2 57054.5 55210.0 64902.8 55712.7 55716.4 53984.9 57896.5 464517.1

120 74326.1 70978.5 73974.8 68082.9 66618.1 70396.6 75589.2 69828.6 569794.8

140 76113.8 76717.0 83686.5 73909.0 75219.5 83179.8 81469.9 71493.3 621788.9

200 120670.3 112501.7 113936.9 121684.7 117866.5 114650.5 126205.5 114316.3 941832.4

260 146183.4 145752.8 141499.5 153727.8 149848.4 151086.6 150695.5 151378.2 1190172.2

320 168406.9 204206.3 178301.7 190224.1 184904.9 188703.4 184537.3 188851.0 1488135.6

400 214109.7 208045.2 223528.5 232747.7 212165.8 216387.8 226430.7 211905.4 1745320.8

480 265656.3 276038.8 275735.4 268396.4 256546.2 273544.5 286031.0 257765.9 2159714.4

640 351983.8 356588.0 358507.6 366874.3 368640.0 357021.4 367084.4 352444.5 2879144.0

800 420300.2 427640.5 430645.9 429416.1 450313.8 432475.1 450315.3 429429.1 3470536.2

960 514337.8 515282.3 532450.2 494563.3 504098.8 514087.4 493752.4 498277.4 4066849.5

Table D.66 Byte throughputs for RR-G (8-server), 1.143σ =

#of UE’s Server
I

Server
II

Server
III

Server
IV

Mean

1 0.029 0.000 0.000 0.000 0.029
10 0.079 0.040 0.042 0.042 0.053
20 0.072 0.092 0.095 0.145 0.105
40 0.120 0.147 0.139 0.097 0.124
60 0.682 0.358 0.145 0.203 0.350
100 0.501 0.365 0.308 0.425 0.400
120 0.647 0.562 0.339 0.297 0.461
140 0.864 0.621 0.680 0.553 0.679
200 0.687 0.637 0.590 0.589 0.627
260 0.744 0.649 0.737 0.772 0.724
320 0.779 0.823 0.907 0.822 0.832
400 0.943 0.852 0.930 0.981 0.927
480 1.170 1.154 1.274 1.198 1.200
640 2.301 3.199 1.683 1.703 2.225
800 5.511 2.644 3.425 1.758 3.376
960 7.607 3.042 3.244 4.378 4.631

Table D.67 Average latencies for XSIZE-G (4-server), 1.143σ = , averaging window = 0.1s
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#of UE’s Server
I

Server
II

Server
III

Server
IV

Mean

1 0.288 0.000 0.000 0.000 0.288
10 0.843 0.712 0.630 0.542 2.727
20 0.462 1.737 1.705 1.337 5.240
40 3.227 1.780 2.652 2.380 10.038
60 3.450 3.820 3.135 3.647 14.052
100 6.508 5.015 6.648 5.477 23.648
120 7.368 6.582 7.287 7.122 28.358
140 7.770 8.082 7.995 7.765 31.612
200 11.640 11.725 11.182 10.872 45.418
260 13.600 13.823 12.742 12.612 52.777
320 18.320 18.087 17.607 17.507 71.520
400 21.107 20.827 21.323 21.393 84.650
480 26.232 24.112 26.342 23.677 100.362
640 28.013 27.767 27.840 27.045 110.665
800 30.397 27.240 29.015 28.653 115.305
960 30.637 28.335 27.893 29.450 116.315

Table D.68 Object throughputs for XSIZE-G (4-server), 1.143σ = , averaging window = 0.1s

#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 2867.1 0.0 0.0 0.0 2867.1
10 15517.3 10731.6 11609.8 10167.8 48026.5
20 8038.7 35486.1 38060.1 26091.5 107676.5
40 59142.2 39946.5 59150.2 45275.7 203514.6
60 72134.7 69766.8 64398.3 79450.3 285750.1
100 135715.8 105141.0 132367.7 114921.5 488146.0
120 150195.8 137507.4 153680.3 142845.6 584229.0
140 150671.1 168754.5 167815.1 149291.7 636532.5
200 243157.2 233580.0 225325.4 221964.0 924026.6
260 279905.7 282975.9 260395.6 255754.8 1079032.0
320 382937.1 363881.0 377174.4 358839.7 1482832.1
400 442822.8 430483.5 449358.4 434351.1 1757015.7
480 536185.1 492800.9 543981.5 506728.8 2079696.4
640 584934.3 579021.8 575875.9 559535.5 2299367.5
800 636104.0 583268.4 600436.1 581680.6 2401489.1
960 641928.4 596238.3 592666.8 588937.8 2419771.2

Table D.69 Byte throughputs for XSIZE-G (4-server), 1.143σ = , averaging window = 0.1s
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#of UE’s Server
I

Server
II

Server
III

Server
IV Mean

1 0.035 0.025 0.022 0.000 0.029
10 0.068 0.059 0.074 0.044 0.062
20 0.685 0.046 0.092 0.753 0.391
40 0.117 0.287 0.266 0.239 0.225
60 0.244 0.276 0.495 0.270 0.317
100 0.283 0.419 0.414 0.443 0.382
120 0.311 0.604 0.577 0.375 0.458
140 0.575 0.296 0.376 0.667 0.467
200 0.782 0.512 0.639 0.617 0.636
260 0.923 0.742 0.743 0.650 0.754
320 1.194 1.111 0.937 0.993 1.058
400 1.557 1.352 1.414 1.183 1.394
480 2.293 1.940 1.605 1.215 1.786
640 3.615 2.284 1.827 2.892 2.699
800 5.826 3.881 3.203 2.528 3.929
960 7.470 3.427 5.115 4.353 5.190

Table D.70 Average latencies for XSIZE-G (4-server), 1.143σ = , averaging window = 4s

#of UE’s Server
I

Server
II

Server
III

Server
IV

Mean

1 0.113 0.158 0.017 0.000 0.288
10 0.797 0.675 0.668 0.582 2.722
20 1.295 1.115 1.295 1.083 4.788
40 2.652 2.410 2.492 2.478 10.032
60 4.293 3.567 3.560 3.847 15.267
100 6.932 4.910 6.900 4.637 23.378
120 8.153 7.688 5.505 6.785 28.132
140 8.678 8.352 8.840 6.428 32.298
200 11.593 11.907 10.673 12.688 46.862
260 11.837 15.792 13.402 15.812 56.842
320 16.345 18.223 18.707 14.812 68.087
400 21.865 19.995 22.298 15.125 79.283
480 23.658 21.760 22.385 19.805 87.608
640 28.207 25.753 23.070 25.780 102.810
800 29.615 26.292 25.057 26.210 107.173
960 30.828 25.710 27.088 27.385 111.012

Table D.71 Object throughputs for XSIZE-G (4-server), 1.143σ = , averaging window = 4s
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 1837.2 967.9 62.0 0.0 2867.1
10 13113.1 12949.5 11960.4 9584.4 47607.3
20 27674.0 19528.1 31819.2 21333.5 100354.8
40 59171.3 43844.3 49389.0 50985.6 203390.3
60 77035.2 75315.9 76018.8 84200.1 312570.1
100 142814.4 101663.7 143858.6 91971.1 480307.8
120 165959.0 154517.4 115976.7 143508.0 579961.2
140 166695.6 172729.0 184165.7 130908.7 654498.9
200 227346.4 246269.6 222978.6 255294.6 951889.2
260 248847.1 325981.8 273414.5 319282.2 1167525.7
320 322076.6 378092.6 394271.8 314467.5 1408908.5
400 440885.9 420657.9 462414.1 319381.1 1643339.0
480 483184.6 451397.5 465654.8 411260.0 1811497.0
640 570960.7 538920.8 493362.0 530267.7 2133511.1
800 597498.4 550219.7 516309.6 566609.8 2230637.4
960 653877.5 523302.9 564823.3 569834.1 2311838.0

Table D.72 Byte throughputs for XSIZE-G (4-server), 1.143σ = , averaging window = 4s

#of UE’s Server
I

Server
II

Server
III

Server
IV

Mean

1 0.039 0.024 0.022 0.000 0.029
10 0.044 0.043 0.060 0.062 0.052
20 0.053 0.073 0.073 0.092 0.072
40 0.116 0.234 0.115 0.974 0.392
60 0.491 0.609 0.176 0.380 0.421
100 0.505 0.244 0.430 0.614 0.436
120 0.409 0.337 0.528 0.431 0.427
140 0.514 0.498 0.586 0.765 0.587
200 0.629 0.560 0.823 0.548 0.647
260 1.071 0.654 0.845 0.896 0.871
320 1.254 0.838 0.798 1.022 0.977
400 1.821 1.183 1.240 1.360 1.401
480 2.447 1.392 1.453 1.773 1.790
640 3.582 2.479 2.571 2.413 2.782
800 5.377 2.739 2.612 5.460 4.176
960 8.102 3.925 5.084 3.911 5.372

Table D.73 Average latencies for XSIZE-G (4-server), 1.143σ = , averaging window = 8s
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#of UE’s Server
I

Server
II

Server
III

Server
IV

Mean

1 0.098 0.145 0.045 0.000 0.288
10 0.777 0.610 0.640 0.705 2.732
20 1.282 1.233 1.325 1.192 5.032
40 2.513 2.513 2.010 2.835 9.872
60 3.883 3.820 3.387 3.835 14.925
100 5.660 6.402 5.422 4.957 22.440
120 7.778 7.032 7.373 6.527 28.710
140 8.507 7.768 8.287 7.382 31.943
200 14.003 11.960 11.715 7.737 45.415
260 12.997 12.073 14.673 15.487 55.230
320 16.780 19.188 15.057 15.353 66.378
400 19.768 20.698 18.570 20.025 79.062
480 23.597 18.823 22.512 22.418 87.350
640 27.027 24.817 24.502 24.135 100.480
800 28.397 22.663 23.028 26.857 100.945
960 29.553 24.862 26.955 25.278 106.648

Table D.74 Object throughputs for XSIZE-G (4-server), 1.143σ = , averaging window = 8s

#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 1927.0 713.6 226.4 0.0 2867.1
10 12503.4 10358.3 12094.7 13588.9 48545.3
20 22280.4 26933.2 28426.0 27109.9 104749.5
40 44755.8 50350.8 42932.0 62776.6 200815.3
60 81861.7 82579.2 63755.1 78370.0 306566.1
100 117906.3 127006.0 121377.3 94640.5 460930.1
120 167428.0 137649.8 145991.8 142349.3 593418.9
140 161679.6 158641.9 162917.8 162070.5 645309.7
200 270613.4 252068.7 245745.9 153572.9 922000.9
260 257343.6 246123.4 300916.1 321230.4 1125613.5
320 335322.5 398559.5 312118.6 327965.1 1373965.7
400 404236.3 427704.3 384322.3 419942.0 1636204.8
480 489551.0 389551.5 458894.4 467911.5 1805908.5
640 550379.7 510461.7 522191.0 503344.4 2086376.7
800 591455.0 479732.0 480530.9 545773.1 2097491.0
960 600897.6 526762.7 575024.8 518453.4 2221138.5

Table D.75 Byte throughputs for XSIZE-G (4-server), 1.143σ = , averaging window = 8s
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#of UE’s Server
I

Server
II

Server
III

Server
IV Mean

1 0.026 0.029 0.024 0.033 0.029
10 0.037 0.071 0.043 0.041 0.050
20 0.163 0.047 0.096 0.130 0.123
40 0.160 0.240 0.105 0.193 0.177
60 0.349 0.448 0.211 0.148 0.264
100 0.594 0.246 0.459 0.381 0.427
120 0.357 0.569 0.545 0.359 0.449
140 0.479 0.404 0.692 0.688 0.553
200 0.570 0.524 0.553 0.593 0.560
260 0.601 0.646 0.682 0.570 0.623
320 0.916 0.775 0.756 0.838 0.816
400 0.957 0.967 0.941 0.847 0.927
480 1.220 1.142 1.179 1.150 1.172
640 2.063 1.915 2.209 2.076 2.064
800 3.324 3.272 3.335 3.392 3.330
960 4.571 4.326 4.652 4.540 4.522

Table D.76 Average latencies for CONN-G (4-server), 1.143σ = , averaging window = 0.1s

#of UE’s Server
I

Server
II

Server
III

Server
IV

Mean

1 0.035 0.122 0.057 0.075 0.288
10 0.260 0.732 0.595 0.778 2.365
20 1.585 0.393 1.660 1.650 5.288
40 1.523 2.712 2.503 2.255 8.993
60 4.300 2.018 4.497 4.323 15.138
100 5.653 4.507 5.742 6.842 22.743
120 7.168 5.447 6.438 6.695 25.748
140 8.408 9.358 7.170 7.652 32.588
200 9.865 10.970 10.730 11.743 43.308
260 15.217 11.208 15.502 15.970 57.897
320 14.842 18.432 19.570 18.527 71.370
400 23.162 21.700 20.850 22.953 88.665
480 22.693 25.475 26.237 24.027 98.432
640 27.915 29.728 27.898 28.825 114.367
800 28.798 29.607 29.862 28.578 116.845
960 29.025 29.560 29.260 30.003 117.848

Table D.77 Object throughputs for CONN-G (4-server), 1.143σ = , averaging window = 0.1s
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 231.6 1243.7 273.0 1118.7 2867.1
10 4940.4 12899.8 10884.4 12456.4 41181.0
20 36767.0 7450.2 35275.1 29439.2 108931.4
40 31113.7 56723.0 55378.2 41358.5 184573.4
60 83571.4 39994.4 102071.6 87311.6 312949.0
100 115614.0 84531.7 116196.9 151802.2 468144.7
120 145574.9 115324.3 129199.0 140560.1 530658.3
140 167050.1 191455.4 147360.8 154868.8 660735.1
200 195619.2 225847.6 219057.9 242158.0 882682.8
260 299933.9 231467.5 327895.7 330867.4 1190164.5
320 310129.0 384277.0 405285.0 382779.6 1482470.8
400 476408.4 450122.9 435042.6 469085.3 1830659.3
480 469628.8 539996.6 528454.1 501685.2 2039764.8
640 583536.2 631748.8 563356.0 600576.8 2379217.7
800 599338.2 614994.0 613481.6 602623.7 2430437.6
960 603451.8 636072.3 603072.1 607033.2 2449629.4

Table D.78 Byte throughputs for CONN-G (4-server), 1.143σ = , averaging window = 0.1s

#of UE’s Server
I

Server
II

Server
III

Server
IV

Mean

1 0.029 0.029 0.063 0.022 0.029
10 0.030 0.045 0.040 0.044 0.043
20 0.921 0.094 0.855 0.066 0.376
40 0.501 0.685 0.124 0.146 0.321
60 0.219 0.225 0.181 0.268 0.224
100 0.216 0.520 0.409 0.521 0.405
120 0.429 0.735 0.559 0.629 0.581
140 0.614 0.465 0.467 0.494 0.505
200 0.521 0.635 0.644 0.449 0.555
260 0.747 0.759 0.710 0.732 0.736
320 0.650 0.791 0.786 0.718 0.738
400 1.068 0.970 1.203 0.997 1.057
480 1.243 1.331 1.273 1.315 1.290
640 2.120 2.031 2.204 1.980 2.085
800 3.475 3.239 3.212 3.439 3.341
960 4.664 4.728 4.433 4.420 4.561

Table D.79 Average latencies for CONN-G (4-server), 1.143σ = , averaging window = 4s
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#of UE’s Server
I

Server
II

Server
III

Server
IV

Mean

1 0.033 0.108 0.023 0.123 0.288
10 0.110 0.875 0.473 0.797 2.255
20 0.818 1.683 0.922 1.325 4.748
40 2.197 1.772 2.270 3.395 9.633
60 4.222 2.657 3.943 4.158 14.980
100 6.765 4.720 6.312 6.000 23.797
120 7.580 6.775 7.878 5.620 27.853
140 6.737 8.442 7.587 8.693 31.458
200 12.225 10.442 9.228 11.832 43.727
260 14.465 12.928 14.745 13.415 55.553
320 16.922 18.768 17.262 18.232 71.183
400 22.107 23.103 20.282 20.247 85.738
480 25.493 25.367 24.792 24.737 100.388
640 28.345 26.973 28.538 27.483 111.340
800 28.782 29.672 29.042 29.258 116.753
960 29.372 28.892 30.037 28.295 116.595

Table D.80 Object throughputs for CONN-G (4-server), 1.143σ = , averaging window = 4s

#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 221.4 1235.2 995.4 415.1 2867.1
10 687.0 16690.0 7594.4 14609.3 39580.7
20 15603.3 33588.8 24103.2 26434.1 99729.4
40 44355.5 35455.4 47126.9 69765.8 196703.6
60 82046.9 54467.3 81653.9 89186.4 307354.5
100 137008.7 94993.4 132182.0 129291.0 493475.1
120 153591.8 147201.9 161999.7 109818.7 572612.1
140 142684.5 160176.6 157932.5 176173.0 636966.6
200 250226.0 209752.3 191698.5 238084.1 889760.9
260 297458.1 271427.2 299778.5 273038.4 1141702.3
320 357918.1 377837.1 368259.0 373929.1 1477943.3
400 455963.5 475395.2 424551.1 418092.8 1774002.5
480 516258.9 522095.2 526500.0 518014.1 2082868.2
640 579895.0 567812.6 596932.6 569644.5 2314284.6
800 599726.9 626986.8 599672.9 602614.7 2429001.3
960 627319.8 595689.6 616206.9 585827.0 2425043.2

Table D.81 Byte throughputs for CONN-G (4-server), 1.143σ = , averaging window = 4s
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#of UE’s Server
I

Server
II

Server
III

Server
IV Mean

1 0.027 0.024 0.037 0.027 0.029
10 0.058 0.059 0.044 0.039 0.050
20 0.413 0.429 0.450 0.713 0.517
40 0.141 0.238 0.706 0.239 0.274
60 0.292 0.136 0.158 0.284 0.217
100 0.567 0.263 0.411 0.287 0.375
120 0.367 0.274 0.477 0.477 0.387
140 0.655 0.571 0.767 0.561 0.638
200 0.635 0.559 0.537 0.589 0.581
260 0.668 0.546 0.710 0.694 0.657
320 0.907 0.779 0.844 0.913 0.862
400 1.212 1.150 1.145 1.264 1.192
480 1.454 1.485 1.501 1.834 1.571
640 2.497 2.561 2.422 2.266 2.438
800 4.071 3.429 3.333 3.227 3.513
960 4.987 4.205 5.096 4.114 4.613

Table D.82 Average latencies for CONN-G (4-server), 1.143σ = , averaging window = 8s

#of UE’s Server
I

Server
II

Server
III

Server
IV

Mean

1 0.062 0.088 0.080 0.058 0.288
10 0.612 0.748 0.550 0.665 2.575
20 1.107 0.355 1.685 1.327 4.473
40 3.080 2.965 1.437 3.165 10.647
60 3.038 3.498 3.878 4.188 14.603
100 5.228 6.163 6.840 6.537 24.768
120 7.668 8.832 8.447 4.498 29.445
140 8.005 8.402 8.248 8.463 33.118
200 12.263 10.848 11.495 10.975 45.582
260 13.495 14.183 15.813 15.280 58.772
320 17.555 15.215 18.820 15.087 66.677
400 21.363 21.475 18.688 18.422 79.948
480 21.885 21.442 23.270 22.950 89.547
640 26.222 26.388 26.623 25.740 104.973
800 27.542 29.093 28.050 27.563 112.248
960 30.075 27.827 29.687 28.540 116.128

Table D.83 Object throughputs for CONN-G (4-server), 1.143σ = , averaging window = 8s
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 572.6 380.8 1408.1 505.5 2867.1
10 11475.2 14626.4 9351.6 9774.7 45227.9
20 20252.7 6011.2 39268.0 28122.9 93654.8
40 63636.5 58211.1 27132.4 67416.6 216396.6
60 62682.8 69076.7 81036.2 86458.3 299253.9
100 105522.4 131707.0 140267.4 135257.1 512753.8
120 154821.3 182844.5 170971.7 97386.9 606024.4
140 167856.5 169334.7 163908.6 168845.5 669945.3
200 243415.6 229308.7 234028.2 221216.2 927968.7
260 279050.0 285263.2 333541.8 315575.1 1213430.1
320 378495.7 307268.4 390164.5 304465.8 1380394.4
400 440128.2 436225.9 385265.6 401573.3 1663193.1
480 447017.2 429611.7 481228.5 493750.2 1851607.6
640 561602.2 531653.2 563482.2 526976.8 2183714.5
800 571374.6 598912.5 585601.3 582155.8 2338044.3
960 629717.9 579962.2 602148.3 605772.4 2417600.7

Table D.84 Byte throughputs for CONN-G (4-server), 1.143σ = , averaging window = 8s

#of UE’s Server
I

Server
II

Server
III

Server
IV

Mean

1 0.028 0.000 0.000 0.000 0.028
10 0.065 0.053 0.073 0.060 0.062
20 0.134 0.082 0.097 0.127 0.111
40 0.321 0.310 0.129 0.154 0.243
60 0.114 0.169 0.278 0.167 0.171
100 0.395 0.294 0.322 0.317 0.329
120 0.779 0.810 0.498 0.429 0.606
140 0.379 0.629 0.367 0.382 0.425
200 0.551 0.516 0.517 0.573 0.538
260 0.601 0.724 0.519 0.624 0.617
320 0.686 0.708 0.658 0.717 0.692
400 0.850 0.758 0.873 0.888 0.844
480 0.963 0.903 0.983 0.918 0.943
640 2.010 2.044 1.900 1.702 1.915
800 3.244 3.080 3.345 3.393 3.268
960 4.502 4.315 4.638 4.336 4.447

Table D.85 Average latencies for RT-S (4-server), 1.143σ = , averaging window = 0.1s
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#of UE’s Server
I

Server
II

Server
III

Server
IV Mean

1 0.288 0.000 0.000 0.000 0.288
10 0.788 0.757 0.618 0.557 2.720
20 1.512 1.342 1.115 1.355 5.323
40 2.638 2.483 1.343 2.435 8.900
60 3.677 4.600 2.298 4.160 14.735
100 5.500 6.768 6.020 6.425 24.713
120 6.607 5.538 8.772 7.550 28.467
140 8.252 5.962 7.488 9.115 30.817
200 11.077 10.343 11.705 9.515 42.640
260 15.393 14.973 14.800 14.253 59.420
320 18.915 18.417 16.855 16.318 70.505
400 22.627 19.913 21.477 22.347 86.363
480 26.342 23.942 26.753 26.635 103.672
640 28.462 28.020 29.272 27.597 113.350
800 28.602 27.470 28.253 29.582 113.907
960 29.905 29.138 29.122 30.237 118.402

Table D.86 Object throughputs for RT-S (4-server), 1.143σ = , averaging window = 0.1s

#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 2867.1 0.0 0.0 0.0 2867.1
10 12531.9 13034.2 11988.3 10052.9 47607.3
20 30299.2 29185.4 24213.4 26719.7 110417.7
40 53112.1 47782.7 26153.7 56214.1 183262.5
60 75802.1 90146.5 46594.5 90517.2 303060.3
100 116912.9 142725.1 121887.5 132192.7 513718.2
120 137348.4 120288.5 177392.1 152863.9 587892.9
140 170357.3 119488.9 150979.3 181989.9 622815.5
200 219890.0 208899.5 244678.7 194247.5 867715.6
260 319622.7 307184.7 297383.6 298457.8 1222648.8
320 397411.3 377030.4 353400.9 338160.0 1466002.7
400 477947.7 395943.5 434757.4 479980.9 1788629.5
480 541386.9 493192.2 545243.4 573021.6 2152844.1
640 597521.7 572949.9 604988.8 583337.9 2358798.3
800 581105.6 578726.3 601270.2 611310.1 2372412.4
960 631384.9 588152.8 596432.7 644812.6 2460783.1

Table D.87 Byte throughputs for RT-S (4-server), 1.143σ = , averaging window = 0.1s
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#of UE’s Server
I

Server
II

Server
III

Server
IV Mean

1 0.028 0.029 0.000 0.000 0.028
10 0.040 0.045 0.041 0.039 0.041
20 0.216 0.074 0.260 0.056 0.154
40 0.839 0.487 0.140 0.457 0.442
60 0.205 0.205 0.241 0.408 0.256
100 0.303 0.673 0.706 0.613 0.557
120 0.455 0.314 0.437 0.379 0.396
140 0.368 0.437 0.333 0.453 0.398
200 0.424 0.427 0.489 0.486 0.456
260 0.562 0.659 0.599 0.687 0.627
320 0.780 0.942 0.958 0.750 0.858
400 1.655 0.876 0.878 1.020 1.121
480 1.896 1.217 1.243 1.376 1.448
640 1.877 2.799 2.976 1.898 2.415
800 2.438 4.130 4.042 3.483 3.535
960 4.373 3.279 3.879 6.822 4.618

Table D.88 Average latencies for RT-S (4-server), 1.143σ = , averaging window = 4s

#of UE’s Server
I

Server
II

Server
III

Server
IV

Mean

1 0.163 0.125 0.000 0.000 0.288
10 0.737 0.458 0.643 0.532 2.370
20 1.435 1.508 1.268 1.067 5.278
40 2.030 1.935 3.047 2.110 9.122
60 4.368 2.853 3.560 2.732 13.513
100 7.357 5.753 5.822 5.790 24.722
120 6.708 6.718 6.590 6.515 26.532
140 7.005 8.483 8.707 8.322 32.517
200 11.658 11.800 11.667 11.393 46.518
260 14.197 13.598 14.578 14.920 57.293
320 15.970 17.303 16.122 16.577 65.972
400 22.283 20.107 20.482 20.035 82.907
480 24.843 21.620 22.088 22.390 90.942
640 23.665 26.687 28.392 25.923 104.667
800 25.870 26.123 28.023 27.257 107.273
960 28.572 28.233 29.275 30.150 116.230

Table D.89 Object throughputs for RT-S (4-server), 1.143σ = , averaging window = 4s
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 1621.4 1245.6 0.0 0.0 2867.1
10 12552.4 9930.8 10948.7 7824.9 41256.8
20 24606.9 35655.4 27503.8 20969.4 108735.6
40 40150.5 44317.0 61396.9 41239.8 187104.3
60 87365.2 59008.4 71079.4 57551.9 275004.9
100 149667.9 125144.3 118956.3 114829.4 508597.9
120 137884.4 132074.7 131734.5 144796.1 546489.6
140 151026.4 167606.6 165481.8 174974.9 659089.7
200 238548.3 245308.3 236549.7 225438.6 945844.8
260 288526.4 287389.2 291642.3 312171.2 1179729.1
320 334783.9 362171.9 327300.8 338739.2 1362995.8
400 452637.5 432505.2 421875.0 415703.2 1722720.9
480 508421.3 444684.0 458038.0 470583.6 1881726.9
640 495516.3 556002.5 579228.8 542620.0 2173367.6
800 531000.9 536721.4 593882.7 568799.4 2230404.5
960 590825.7 584958.9 628680.5 614914.3 2419379.3

Table D.90 Byte throughputs for RT-S (4-server), 1.143σ = , averaging window = 4s

#of UE’s Server
I

Server
II

Server
III

Server
IV

Mean

1 0.034 0.023 0.021 0.000 0.028
10 0.039 0.076 0.042 0.060 0.054
20 0.073 0.114 0.088 0.063 0.083
40 0.240 0.195 0.205 0.313 0.239
60 0.142 0.132 0.491 0.368 0.265
100 0.267 0.472 0.421 0.419 0.394
120 0.652 0.551 0.412 0.464 0.518
140 0.468 0.337 0.439 0.456 0.424
200 0.573 0.559 0.729 0.513 0.595
260 0.566 0.583 0.559 0.571 0.570
320 0.791 0.718 0.851 0.800 0.790
400 1.344 0.995 1.411 1.006 1.199
480 1.889 2.028 1.046 1.988 1.756
640 2.305 2.532 2.650 3.514 2.768
800 2.480 3.224 2.053 7.703 4.103
960 2.579 4.168 4.370 8.628 5.062

Table D.91 Average latencies for RT-S (4-server), 1.143σ = , averaging window = 8s
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#of UE’s Server
I

Server
II

Server
III

Server
IV

Mean

1 0.133 0.143 0.012 0.000 0.288
10 0.523 0.642 0.682 0.518 2.365
20 1.320 0.982 1.493 1.322 5.117
40 1.540 2.692 2.527 2.727 9.485
60 4.183 4.425 3.397 3.260 15.265
100 5.867 5.623 5.368 6.383 23.242
120 7.148 6.048 7.495 6.798 27.490
140 8.015 8.102 7.643 7.817 31.577
200 11.935 11.865 11.480 10.517 45.797
260 12.895 13.035 15.907 16.100 57.937
320 17.503 17.577 18.305 16.722 70.107
400 19.553 16.830 21.102 20.303 77.788
480 23.362 20.800 19.647 22.270 86.078
640 23.318 24.058 23.615 25.797 96.788
800 24.397 24.297 23.430 30.265 102.388
960 25.667 25.693 26.155 29.373 106.888

Table D.92 Object throughputs for RT-S (4-server), 1.143σ = , averaging window = 8s

#of
UE’s

Server
I

Server
II

Server
III

Server
IV

Mean

1 2168.5 656.8 41.8 0.0 2867.1
10 8923.4 11903.7 11522.1 8831.7 41181.0
20 22314.3 21278.7 31945.3 30327.7 105866.0
40 34472.6 53127.1 52051.7 54303.8 193955.1
60 90439.6 86606.9 70897.1 64910.0 312853.6
100 114566.0 119006.3 115738.9 127501.4 476812.5
120 141422.6 128438.7 155349.3 140104.2 565314.9
140 155623.3 162965.3 156278.7 161424.0 636291.3
200 239589.4 241310.2 237991.0 211439.8 930330.5
260 263967.5 264874.1 326899.7 337757.5 1193498.8
320 361117.9 359093.2 384488.2 350919.0 1455618.3
400 396625.9 360063.3 436474.4 431061.7 1624225.3
480 493426.5 420129.1 411648.9 457580.4 1782785.0
640 483665.4 492246.4 484180.8 548811.6 2008904.2
800 507332.1 500732.1 490594.3 627915.5 2126573.9
960 538485.6 545452.1 542767.6 598735.1 2225440.4

Table D.93 Byte throughputs for RT-S (4-server), 1.143σ = , averaging window = 8s
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#of UE’s Server
I

Server
II

Server
III

Server
IV Mean

1 0.029 0.000 0.000 0.000 0.029
10 0.067 0.043 0.041 0.039 0.046
20 0.064 0.073 0.061 0.070 0.066
40 0.133 0.122 0.104 0.124 0.123
60 0.169 0.163 0.359 0.146 0.211
100 0.315 0.563 0.630 0.244 0.440
120 0.403 0.554 0.474 0.658 0.506
140 0.533 0.327 0.523 0.621 0.493
200 0.730 0.559 0.585 0.606 0.622
260 0.962 0.807 0.835 0.631 0.805
320 1.155 0.877 0.693 0.735 0.864
400 1.570 0.987 0.963 1.005 1.134
480 1.739 1.106 1.086 1.154 1.287
640 3.273 2.083 1.974 1.713 2.283
800 5.000 3.245 3.095 3.211 3.674
960 7.205 4.326 4.260 4.032 5.004

Table D.94 Average latencies for Bryhni-CONN-G-1.1 (4-server), 1.143σ =

#of UE’s Server
I

Server
II

Server
III

Server
IV

Mean

1 0.288 0.000 0.000 0.000 0.288
10 0.388 0.775 0.618 0.587 2.368
20 1.850 1.257 1.382 0.923 5.412
40 3.225 2.110 1.762 2.815 9.912
60 3.732 4.563 3.955 3.107 15.357
100 4.943 6.027 5.355 5.850 22.175
120 8.655 6.105 7.967 5.595 28.322
140 7.732 8.732 8.305 6.892 31.660
200 12.000 10.820 11.945 10.322 45.087
260 14.780 13.878 14.023 15.862 58.543
320 17.768 16.703 18.277 17.408 70.157
400 20.912 20.268 22.000 18.272 81.452
480 27.537 23.882 25.198 23.278 99.895
640 29.310 25.605 26.062 27.838 108.815
800 29.638 26.988 26.472 26.763 109.862
960 29.090 26.590 26.847 26.827 109.353

Table D.95 Object throughputs for Bryhni-CONN-G-1.1 (4-server), 1.143σ =
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 2867.1 0.0 0.0 0.0 2867.1
10 7459.2 14147.1 10325.3 9267.8 41199.4
20 36398.1 26833.3 30833.8 18936.7 113001.9
40 63612.7 42327.1 39784.2 55833.6 201557.6
60 81530.6 91961.6 82031.8 58966.9 314490.9
100 105531.7 125892.6 106727.0 118923.2 457074.4
120 178569.5 128973.8 158215.3 117376.8 583135.4
140 145077.4 177696.7 179340.4 137565.9 639680.3
200 228989.8 215779.7 251613.0 221154.1 917536.6
260 303050.7 287594.6 290673.8 323894.3 1205213.3
320 363659.4 351993.2 376805.2 360602.2 1453059.9
400 439196.9 418186.4 459943.2 375977.2 1693303.7
480 574254.2 495670.5 515775.0 488302.0 2074001.7
640 584735.6 544009.2 556792.2 576887.3 2262424.4
800 596195.3 580266.1 545937.4 560591.9 2282990.8
960 599835.3 553580.2 572388.5 548712.1 2274516.1

Table D.96 Byte throughputs for Bryhni-CONN-G-1.1 (4-server), 1.143σ =

#of UE’s Server
I

Server
II

Server
III

Server
IV

Mean

1 0.029 0.000 0.000 0.000 0.029
10 0.054 0.031 0.000 0.000 0.054
20 0.110 0.133 0.000 0.000 0.112
40 0.119 0.109 0.000 0.000 0.117
60 0.247 0.101 0.000 0.000 0.209
100 0.291 0.554 0.050 0.000 0.384
120 0.609 0.466 0.058 0.000 0.547
140 0.440 0.410 0.418 0.000 0.426
200 0.554 0.510 0.594 0.000 0.534
260 0.809 0.643 0.624 0.000 0.723
320 0.834 0.763 0.467 0.000 0.785
400 0.883 0.763 0.657 0.659 0.808
480 0.999 1.014 0.953 0.502 0.996
640 1.280 1.137 1.151 1.134 1.195
800 1.818 1.554 1.357 1.326 1.553
960 2.204 1.966 1.800 1.682 1.927

Table D.97 Average latencies for Bryhni-CONN-G-1.0 (4-server), 1.143σ =
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#of UE’s Server
I

Server
II

Server
III

Server
IV

Mean

1 0.288 0.000 0.000 0.000 0.288
10 2.622 0.110 0.000 0.000 2.732
20 4.808 0.445 0.000 0.000 5.253
40 7.175 1.860 0.000 0.000 9.035
60 9.995 3.582 0.000 0.000 13.577
100 14.605 8.307 0.138 0.000 23.050
120 14.625 10.948 0.042 0.000 25.615
140 18.445 14.585 0.142 0.000 33.172
200 23.067 21.780 0.855 0.000 45.702
260 27.818 26.412 2.590 0.000 56.820
320 34.633 33.193 3.007 0.000 70.833
400 41.753 37.617 9.368 0.303 89.042
480 48.120 43.428 13.833 0.750 106.132
640 52.633 46.647 26.578 8.508 134.367
800 49.495 44.772 39.387 24.047 157.700
960 49.657 45.703 45.768 39.567 180.695

Table D.98 Object throughputs for Bryhni-CONN-G-1.0 (4-server), 1.143σ =

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 2867.1 0.0 0.0 0.0 2867.1
10 46756.2 1312.0 0.0 0.0 48068.3
20 100215.8 7625.3 0.0 0.0 107841.2
40 146816.8 38338.9 0.0 0.0 185155.7
60 206990.2 73196.9 0.0 0.0 280187.0
100 295216.8 179556.2 2193.7 0.0 476966.7
120 302659.0 223639.7 903.9 0.0 527202.6
140 366894.8 300191.7 3286.7 0.0 670373.1
200 469328.2 444135.0 15417.2 0.0 928880.4
260 570375.2 546721.6 54793.8 0.0 1171890.6
320 721440.5 683641.1 63869.5 0.0 1468951.1
400 864247.5 772886.2 193225.9 6398.9 1836758.4
480 1013736.1 895671.7 283982.6 15979.0 2209369.5
640 1082101.8 967652.4 570450.3 176690.0 2796894.5
800 1021665.0 957150.1 804522.8 506957.0 3290294.8
960 1043493.8 967577.9 929606.4 838266.2 3778944.2

Table D.99 Byte throughputs for Bryhni-CONN-G-1.0 (4-server), 1.143σ =
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#of UE’s Server
I

Server
II

Server
III

Server
IV

Mean

1 0.024 0.033 0.023 0.035 0.029
10 0.041 0.038 0.037 0.057 0.043
20 0.060 0.070 0.063 0.079 0.068
40 0.077 0.432 0.241 0.177 0.228
60 0.224 0.125 0.392 0.167 0.228
100 0.591 0.571 0.382 0.385 0.484
120 0.492 0.317 0.450 0.591 0.463
140 0.448 0.277 0.499 0.477 0.426
200 0.648 0.543 0.563 0.527 0.570
260 0.815 0.537 0.685 0.570 0.651
320 0.767 0.713 0.764 0.782 0.756
400 0.869 0.802 0.893 0.886 0.862
480 1.026 1.050 0.963 0.877 0.978
640 1.101 1.129 1.149 1.189 1.142
800 1.733 1.862 1.353 1.800 1.689
960 2.308 4.739 2.242 2.813 3.051

Table D.100 Average latencies for Bryhni-RT-G-1.0 (4-server), 1.143σ =

#of UE’s Server
I

Server
II

Server
III

Server
IV

Mean

1 0.080 0.070 0.070 0.068 0.288
10 0.595 0.600 0.628 0.547 2.370
20 1.328 1.297 1.343 1.370 5.338
40 2.295 2.125 2.238 2.285 8.943
60 3.432 3.543 3.472 3.245 13.692
100 5.905 5.850 5.727 5.747 23.228
120 6.490 6.212 6.332 6.195 25.228
140 8.085 7.895 8.008 7.925 31.913
200 11.317 11.250 10.735 11.410 44.712
260 14.528 15.047 14.550 14.720 58.845
320 18.747 17.430 17.535 17.355 71.067
400 21.805 22.422 21.272 21.625 87.123
480 25.428 25.235 25.530 25.987 102.180
640 33.997 34.598 35.212 35.090 138.897
800 37.628 38.983 37.295 38.098 152.005
960 35.470 37.653 35.257 36.403 144.783

Table D.101 Object throughputs for Bryhni-RT-G-1.0 (4-server), 1.143σ =
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#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 491.0 973.7 344.3 1058.1 2867.1
10 11242.2 10471.0 9500.2 10043.4 41256.8
20 30317.1 23349.3 30074.3 27434.6 111175.4
40 43881.3 44663.4 46994.2 48448.5 183987.4
60 69386.0 69633.0 68956.5 70970.8 278946.3
100 123767.5 120210.7 118061.2 120648.9 482688.2
120 135844.1 132075.2 131424.1 124731.7 524075.0
140 165861.9 159709.4 161503.8 158608.0 645683.1
200 231093.7 233253.7 219546.1 226488.3 910381.8
260 300634.9 308714.9 299962.7 305563.3 1214875.8
320 388695.2 358065.0 364131.4 368325.8 1479217.4
400 449037.0 453811.5 445821.5 451365.6 1800035.6
480 535949.4 520576.2 523811.8 541250.6 2121588.0
640 703894.3 721379.4 733262.3 738245.2 2896781.1
800 789689.3 804978.7 791365.9 783328.3 3169362.2
960 743557.9 782456.9 743715.6 745732.5 3015462.9

Table D.102 Byte throughputs for Bryhni-RT-G-1.0 (4-server), 1.143σ =

#of UE’s Server
I

Server
II

Server
III

Server
IV

Mean

1 0.022 0.038 0.000 0.000 0.028
10 0.062 0.046 0.042 0.000 0.054
20 0.706 0.045 0.610 0.046 0.417
40 0.447 0.225 0.230 0.101 0.308
60 0.206 0.291 0.577 0.367 0.334
100 0.376 0.485 0.213 0.710 0.413
120 0.663 0.271 0.429 0.299 0.436
140 0.531 0.369 0.560 0.500 0.485
200 0.587 0.633 0.399 0.590 0.554
260 0.446 0.662 0.621 0.591 0.576
320 0.659 0.707 0.586 0.597 0.640
400 0.632 0.655 0.825 0.780 0.722
480 0.729 0.897 0.748 0.807 0.795
640 1.035 1.176 0.967 0.988 1.044
800 1.799 1.978 1.847 2.122 1.935
960 3.692 2.271 2.504 2.814 2.832

Table D.103 Average latencies for Bryhni-XSIZE-S-1.0 (4-server), 1.143σ =
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#of UE’s Server
I

Server
II

Server
III

Server
IV

Mean

1 0.192 0.097 0.000 0.000 0.288
10 1.347 1.153 0.232 0.000 2.732
20 1.892 1.798 0.817 0.097 4.603
40 3.957 3.413 2.452 0.360 10.182
60 5.397 4.893 3.568 1.218 15.077
100 7.745 7.092 5.813 3.175 23.825
120 9.638 9.352 7.912 4.220 31.122
140 10.437 9.843 7.865 5.987 34.132
200 14.358 13.185 11.573 7.947 47.063
260 17.768 16.385 15.433 13.172 62.758
320 20.635 19.608 17.970 17.633 75.847
400 24.080 21.460 22.658 21.567 89.765
480 27.517 26.742 26.125 25.143 105.527
640 36.807 35.198 33.268 30.758 136.032
800 36.117 35.730 36.963 34.990 143.800
960 38.693 37.178 36.065 34.198 146.135

Table D.104 Object throughputs for Bryhni-XSIZE-S-1.0 (4-server), 1.143σ =

#of
UE’s

Server
I

Server
II

Server
III

Server
IV Mean

1 866.4 2000.6 0.0 0.0 2867.1
10 24284.3 18959.6 4824.3 0.0 48068.3
20 39427.3 32145.6 22587.3 2609.2 96769.3
40 74686.0 68604.1 56264.5 6903.1 206457.7
60 110025.7 94751.4 84807.4 22234.2 311818.6
100 161888.3 142681.0 128414.3 61237.2 494220.9
120 198020.1 198583.3 155660.4 88904.2 641168.0
140 209294.2 199779.3 158062.5 126361.0 693496.9
200 288515.9 266009.1 237609.9 163676.3 955811.2
260 364368.8 342441.2 316121.4 270172.4 1293103.8
320 431325.9 410221.5 361473.9 369051.5 1572072.8
400 490630.8 465434.4 465297.7 441242.1 1862605.1
480 566625.7 561515.4 545145.2 516562.2 2189848.5
640 747948.4 740011.5 695780.1 647444.6 2831184.5
800 759702.2 734815.3 778195.6 722163.2 2994876.3
960 811649.3 782186.6 745790.7 706684.4 3046311.0

Table D.105 Byte throughputs for Bryhni-XSIZE-S-1.0 (4-server), 1.143σ =
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Appendix E:

Stem-and-Leaf Plots for Response Times

Frequency    Stem &  Leaf

  4211.00        0 .  0011111222222333333334444444444
  6300.00        0 .  55555555555666666666677777777778888888899999999
  4811.00        1 .  00000001111111222222223333333444444
  3374.00        1 .  555555666667777888889999
  3183.00        2 .  00001112222233333444444
  4030.00        2 .  55555666666777777888888999999
  3499.00        3 .  0000001111122222333344444
  2218.00        3 .  5555666777788899
  1651.00        4 .  001112233444
  1782.00        4 .  5566677888999
  2251.00        5 .  0001111222333444
  1409.00        5 .  5566677889
  1197.00        6 .  011223344
  1214.00        6 .  5566778899
   855.00        7 .  01234
   685.00        7 .  56789
   554.00        8 .  01234
   693.00        8 .  56789
   605.00        9 .  01234
   524.00        9 .  56789
   558.00       10 .  01234
   476.00       10 .  5679&
   453.00       11 .  01234
   207.00       11 .  5&
  2810.00 Extremes    (>=11.9)

 Stem width:    1.00
 Each leaf:     137 case(s)

Figure E.1 Stem-and-leaf plot for the response times (XSIZE-G)
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  Frequency    Stem &  Leaf

   277.00        0 .  &
  5535.00        0 .  556666777777888888889999999
  6836.00        1 .  0000000111111122222223333333444444
  5394.00        1 .  55555556666667777788888999
  3747.00        2 .  000111222333344444
  4613.00        2 .  55555566667777888899999
  9374.00        3 .  0000001111111111222222222222333333333444444444
  4313.00        3 .  555555666677778888999
   967.00        4 .  00123&
   511.00        4 .  789&
   501.00        5 .  01&
   620.00        5 .  789&
  1747.00        6 .  01223344
  2245.00        6 .  55667788899
  1272.00        7 .  001234
  4870.00 Extremes    (>=7.5)

 Stem width:    1.00
 Each leaf:     204 case(s)

Figure E.2 Stem-and-leaf plot for the response times (RR-G)

 Frequency    Stem &  Leaf

   286.00        0 .  &
    85.00        0 .  &
   132.00        1 .  &
  4088.00        1 .  567788889999
 17121.00        2 .  00000111122222222233333333333333344444444444444
 11686.00        2 .  5555555555556666666667777788899
  1056.00        3 .  01&
  1090.00        3 .  789&
  2555.00        4 .  0123344
  5062.00        4 .  5566777888999
  3071.00        5 .  000112234
   504.00        5 .  &
    81.00        6 .  &
    75.00        6 .  &
    80.00        7 .  &
   341.00        7 .  &
    17.00        8 .  &
  4501.00 Extremes    (>=8.0)

 Stem width:    1.00
 Each leaf:     373 case(s)

Figure E.3 Stem-and-leaf plot for the response times (CONN-G)
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 Frequency    Stem &  Leaf

  3776.00        0 .  00111111112222222333333444444444
  5082.00        0 .  555555555566666666777777778888888899999999
  5568.00        1 .  0000000000111111111222222222333333333444444444
  5397.00        1 .  55555555556666666667777777788888888899999999
  4321.00        2 .  00000011111122222233333333444444444
  4285.00        2 .  555555556666666677777778888889999999
  3691.00        3 .  00000011111122222233333444444
  2601.00        3 .  55555566667777888999
  2181.00        4 .  00001111222333444
  1748.00        4 .  55566677788899
  1493.00        5 .  000111222334
   805.00        5 .  56789
  1193.00        6 .  001122334
  1114.00        6 .  5566778899
   953.00        7 .  00112234
   782.00        7 .  56789
   781.00        8 .  012344
   991.00        8 .  556677889
   726.00        9 .  01234
   457.00        9 .  56789
   473.00       10 .  0123&
  3085.00 Extremes    (>=10.4)

 Stem width:    1.00
 Each leaf:     122 case(s)

Figure E.4 Stem-and-leaf plot for the response times (RT-G)

 Frequency    Stem &  Leaf

   662.00        0 .  013444&
  5537.00        0 .  5566666777777777788888888888899999999999
  6398.00        1 .  0000000000011111111222222222233333333344444444
  5335.00        1 .  55555555555666666667777788888888999999
  4642.00        2 .  000000111112222223333333344444444
  5853.00        2 .  55555556666666777777777888888888999999999
  5245.00        3 .  0000000000011111111122222233333444444
  5299.00        3 .  55555556666666777777778888888889999999
  2026.00        4 .  000011122233344
   995.00        4 .  5566789
   683.00        5 .  01234
  1001.00        5 .  55667899
  1045.00        6 .  0011234
   966.00        6 .  5678899
  1366.00        7 .  0011223344
  1311.00        7 .  5556667788&
  4239.00 Extremes    (>=7.9)

 Stem width:    1.00
 Each leaf:     140 case(s)

Figure E.5 Stem-and-leaf plot for the response times (RAN-G)
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