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Abstract  

With the spread of the cloud-computing today, local networks have been gradually 

developed to have better support for cloud applications. For a specific sub-network, 

different ports may have different requirements. Traditional symmetric router assumes 

uniformed resource distribution among all ports, overestimating resources needed at 

some ports. This thesis proposes an innovative Asymmetric Multi-Channel edge router, 

which supports non-uniformed port distribution based on the clients’ demand.  

In this work, the concept of Asymmetric Multi-Channel (AMC) router is 

introduced, and the architecture of the AMC router is designed.  In order to verify the cost 

saving of the proposed router, a general cost model is developed to provide cost 

comparison between the traditional symmetric router and the proposed AMC router. A 

reconfigurable scheduling scheme is proposed, which can achieve constant-time (O(1)) 

performance with the introduction of pipeline paralleled comparators and updaters. A 

configuration strategy is proposed for the most suitable resource distribution. 
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Chapter 1    Introduction 

As the networking concept spreads from the 1950s, the layers structure has been 

changed as time goes by. Researchers predict that in the foreseeing future, the metro 

network may be divided into core cloud and application sub-clouds. To support 

transmission of ever growing data, different switching technologies have been designed 

and applied into the real time network applications [1][2]. 

Large quantity of data and low latency requirements dictate better router 

performance [3][14]. In the past decades, technologies such as Optical Packet Switching 

(OPS), Optical Circuit Switching (OCS), Optical Burst Switching (OBS) have been 

proposed for network applications [4][5][6][12]. Among them, OBS is evaluated as the 

most promising technologies for the foreseeing future. Two advanced technologies have 

been proposed, the Multi-lane Optical Burst Switching (ML-OBS) [4], and the 

Reconfigurable Asymmetric Optical Burst Switching (RA-OBS) [13][15]. The former 

provides a solution that reduces the commercial deployment cost by replacing the higher-

cost wavelength converters by less expensive optical fibers, which forms the so-called 

multi-lane optical burst switching, with multiple lanes, multiple fibers and multiple 

wavelengths carried in a single fiber cable. The latter is more focused on meeting the data 

bandwidth demand and latency requirements from the clients. As for the cloud 

applications, such as telesurgery, some client asks for less latency and some client has 

more data to forward RA-OBS supports different switching modes in the same network.  

Another aspect for improving network performance is to make individual 

configurations that will not affect other clients in the network. A trial has been proposed 
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with the all-optical router [8]. Although individual configurations are good considerations 

for near future router designs, true dynamic all-optical switching is not practical 

economically, as there needs to be numerous wavelength converters and large amount of 

delay fiber lines, as well as increased control complexity. However with the ML-OBS 

technology, more practical all-optical network can be achieved [4][5][7][11].  

This thesis proposes a novel asymmetric multi-lane optical burst switching 

technology, which is reconfigurable based on asymmetric resource distribution. As for the 

applications, for example, the telesurgery case [19], in the entire network, different 

clients have different traffic load. Given uniformed resource distribution for all the ports 

as in the current router design, there would be the conditions that a client carries little 

traffic, making the distributed lanes mostly under-utilized. Such symmetric bandwidth 

allocation increases system cost.  

This thesis proposes an asymmetric ML-OBS router that can configure the ports 

individually with non-uniformed resource distribution based on the traffic load. A 

generalized cost model is provided to analyze the cost between the traditional ML-OBS 

router and the proposed asymmetric Ml-OBS router. The comparison shows the 

deduction of cost with the reconfigurable asymmetric resource allocation. The 

configuration decision is made by the proposed strategy developed in this thesis is based 

on communication traffic analysis method [9][10][17][24], by establishing the 

relationship between blocking probability  and the available resources. The developed 

strategy is also dependent on the traffic load belonging to each client, and individual 

resource distribution is determined with given desirable blocking probability.  

The rest of the thesis is organized as follows. Chapter 2 provides a background on 



3 

the network structure, including the concept of the cloud, the cloud computation, the data 

center, and the optical switching technologies in literature. Chapter 3 introduces the 

proposed Asymmetric ML-OBS router concept, and the scheduling scheme. Chapter 4 

develops the cost model of the Asymmetric ML-OBS router and provides the 

configuration strategy. Chapter 5 concludes the thesis.  
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Chapter 2    Background 

2.1  Cloud Computing 

The underlying concept of cloud dates back to the 1950s, when large-scale 

mainframe computers were brought into academic and corporations. To make more 

efficient use of the costly mainframe, a practice evolved of multiple users sharing both 

the physical access to the computer from multiple terminals as well as sharing the CPU 

time. Over the years, terminals, computers, and other kinds of electronic devices such as 

the embedded system machines, form the topology of physical or virtual connection with 

the central data center and end clients. Cloud computing is a term used to describe a 

variety of computing concepts that involves a large number of computers connected 

through a real-time communication network.  

In the scientific world, cloud computing is a synonym for distributed computing 

over a network, the ability to run a program or application on many connected computers 

at the same time. More recently, the term cloud computing is commonly referred to for 

network-based services, which appears to be provided by virtualized server hardware, 

with software running on one or more physical machines. For the servers the end clients 

approaching to, they are combined and then distributed by software from one or more 

real data centers, which rearranges the data resources, leading to the increase of 

efficiency on space sharing and time sharing.  

2.1.1  Data Center 

From the 1950s to today, the development and increasing popularity of high 
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capacity networks, low-cost computers and storage devices have led to a growth in cloud 

computing. For example, for Google Apps, there are over 5 million businesses having 

switched to Google according to Google general report 2013 for email, file sharing 

services, with a cost of less than 1/50 comparing to traditional physical servers 

purchasing, setting up and maintenance fees, while bringing more benefits, like time 

flexibility and security. Google apps are managed by with 24/7, professional, reliable and 

larger technical IT teams. Other data center services from large cooperate like Amazon 

are getting great marks in the history of global network development. 

In the beginning, computations were performed by human. Now computers, with 

the shape anywhere from metal boxes to smart phones, are connected altogether by the 

network and accessible from anywhere [1]. As the cloud concept spreads, data resources 

and computing machines have been gradually reorganized, making the whole “net” 

clearer in vision. However it also brings the challenges for cloud management and data 

transmission.  

The cloud computing models required clients to access hardware and software in 

the data center remotely; therefore, cloud raises the requirement for data transmission in 

terms of speed, security, cost etc. [2].  In order for businesses to adopt cloud applications, 

two key aspects need to be generally considered: efficiency and low cost. In the network 

community, the pricing is usually based on bandwidth [14], which is called usage-based 

pricing [2]. Typically, per terabyte data transferring is around $100 to $150, while these 

costs can quickly add up as data need to be place and transported even every millisecond 

[3]. As the cloud is more and more public, the infrastructure cost and efficiency of the 

data center have become the most popular research topics. Some solutions and 
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approaches have been accepted worldwide, but some still need to be improved.   

2.1.2  Data Transferring Requirements 

The need for greater communication bandwidth has increased dramatically over 

last decades. The introduction of dense-wavelength division multiplexing (DWDM) 

technology has improved the bandwidth problem by increasing the capacity of an optical 

fiber [3]. However, the current electronic switching technologies, which are designed to 

process individual channels within a DWDM link to meet with the increased capacity 

needs, have created a serious mismatching. For the electronic switching, the optical fiber 

additionally requires a photoelectric converter for converting an optical signal into an 

electrical signal, and an electrical to optical convert to do the reverse converting on the 

control level, which results in the increased cost for switching and routing, as for 

commercial usage, each channel requires for a pair of O/E and E/O converters, and in 

order to efficiently route the DWDM data to request routing by the client, delay fiber 

links are required. For example, while it is feasible to carry 512 wavelengths in a single 

fiber, it requires 512 O/E/O pairs in electronic switching technology (EPS) to make the 

data successfully transfer and realize variant function for high speed implementation. 

Special switching method needs to be designed for electrically routing. Researches need 

to take both the cost effectiveness and efficiency into consideration for evaluating 

innovative switching technologies.  

Optical switching technology has been proved to provide a solution for improving 

the data transferring performance [3]. From the above scenario, the cloud network can be 

modeled in figure 1. As the data transferring requirements are related to the core network 
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or data center, research can be focused on three parts: (1) the core router design, (2) the 

edge router design, and (3) the connectivity among the routers.  

The rest of this thesis will be focused on the second aspect, the edge router design. 

Optical switching techniques in literature will be introduced, and the novel asymmetric 

optical edge router design will be illustrated. 

 

 

 2.2  Overview of Optical Switching Techniques 

 To increase the transmission speed and distance in the core network, switching 

nodes are interconnected by fiber links. Technologies used in the core network are data 

link layer and network layer technologies such as SONET, DWDM, ATM, IP, etc. Most 

of the technologies used today are based on the electronic switching. However, with 

electronic switching, optical signals carried by each wavelength on the fibers should 

 
Figure 1 The cloud network and data center 
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undergo O/E/O conversions at each hop before being transferred. There are currently 

three types of optical switching technologies to divert the switching load to the optical 

domain in order to avoid all-data O/E/O conversions, namely, optical packet switching, 

optical circuit switching and optical burst switching. Some advanced optical switching 

technologies improves and compensates some of the drawbacks from the footstones of 

the optical switching technology in literature. In this section, these switching 

technologies are introduced. 

2.2.1  Optical Packet Switching (OPS) 

Optical packet switching performs optical switching at the packet level, every 

packet having its packet header, from which individual switching decisions can be made. 

It is the most intuitive method conceptually since it is an optical version of the traditional 

worldwide used electrical packets switching method. This switching approach needs 

O/E/O conversions for the coming packets headers. Figure 2 shows the optical packet 

switching architecture. When a packet is received at the optical switching nodes, header 

information is processed electronically while the payload is buffered optically. Similar to 

the case in electronic packet switching networks, packets need to be buffered when the 

routing is busy. In the optical domain, buffering is realized by holding light in a set of 

Fiber Delay Lines (FDLs). If two packets arrive simultaneously, the optical packet switch 

first will route the traffic through a fiber delay line which is a long fiber that allows the 

traffic circulate through, making rooms for the other traffic to go through during the time 

period. If all the buffers have been used up, it will route the traffic to other wavelength in 

the same fiber. 
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2.2.2  Optical Circuit Switching (OCS) 

 In optical circuit switching, circuits are established between source and 

destination nodes before data is transmitted. Once the light path is reserved, data would 

follow the path transparently without O/E/O conversions. 

 Figure 3 shows the procedure of OCS. When implementing optical circuit 

switching, an optical add-drop (OADM) multiplexer is used, as some wavelengths are 

reserved for light to pass through, while data on other wavelengths will need to be 

dropped [5][6]. In optical circuit switching, a setup and terminate signal will be needed to 

begin the configuration of the light path and to tear down the established light path for 

new settings. Typically the setup/tear down time will take about a few milliseconds to a 

few minutes [21]. 

Optical circuit switching is ideal for large data quantity and long time 

transmission. When taking the setup/tear down time into account, it is time costly for 

Figure 2 Optical packet switching architecture 
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scheduling traffic on the fly.  

2.2.3  Optical Burst Switching (OBS) 

Optical burst switching combines the advantages of optical packet switching and 

optical circuit switching, addressing the limitations of both techniques at the same time. A 

burst is a group of packets heading towards the same egress router as shown in Figure 4.a. 

A burst header carries the information of the burst arriving time and end time, and is 

processed electrically at the core router node for routing decision and wavelength 

allocation. The header is launched at an offset time before the transmission of the burst. 

The offset time can be set in ahead to compensate for the processing/configuration delay 

[5]. Then the burst data will follow the established light path all optically, similar to the 

settings in OCS. Grouping the packets with the same outgoing egress and setuping the 

light path on the fly have become the most significant two attractive features of optical 

Figure 3 Optical circuit switching architecture 
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burst switching in optical switching technologies. 

For bursts scheduling procedure, three conditions need to be taken into 

consideration, similar to the ones in OPS: (1) no contention and the burst can be 

forwarded; (2) two bursts coming simultaneously onto the same wavelength and can be 

transferred (3) two bursts coming simultaneously onto the same wavelength but cannot be 

transferred. Figure 4.b shows the procedures. 

OBS divides the optical fibers into two categories, the control channel and the 

data channel. The control channel only carries the burst headers representing the 

incoming assembled bursts, and burst headers sent on the control channel undergo the 

O/E conversion. The burst header processing unit analyzes the information of the headers, 

sends the information to the scheduler, and then converts the headers back to the optical 

domain with updated information. The burst switching fabric receives the configuration 

commands from the scheduler and sets up the light path similar to the procedure in OCS. 

However, special burst control hardware is utilized to manage optical fibers and MEMs 

connected to the fibers.  

To be noticed, in order to avoid burst dropping in the data channels, the burst 

switching fabric can convert bursts from a particular wavelength to another available 

wavelength. Therefore, traditional OBS needs both wavelength converters for passing 

optical bursts and O/E/O converters for burst scheduling. Researches have proposed 

schemes for complete wavelength conversion and partial wavelength conversion. 

However, from current view, the components of wavelength converters seem unavoidable 

in OBS, which brings a large amount of components cost. Fortunately, there is some 

recent work in the direction of removing the wavelength conversion constraints in OBS. 
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The following two sections will introduce two advanced optical switching techniques 

based on OBS, which are Multi-Lane OBS and Reconfigurable OBS. 

2.2.4  Multi-Lane Optical Burst Switching (ML-OBS) 

Multi-Lane Optical Burst Switching (ML-OBS) is a variant from OBS. It was 

proposed to solve the problem that OBS needs a large amount of wavelength converters 

to deal with the congestion and to reduce dropping probability in the network [4]. Figure 

5 shows the architecture of ML-OBS. In ML-OBS router design, there are multiple lanes 

and multiple wavelengths that are carried by each link. And the switching matrix enables 

Figure 4 (a) Packet Assembly (b) Burst scheduling procedure 
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a burst coming from a specific lane to be directed to an available lane, which is not 

necessarily the same as the coming lane, but carried by the same wavelength.  

As for the conditions (2)(3) provided in OBS, with ML-OBS, it solve the problem 

under condition (2). When two bursts come simultaneously to the same wavelength 

output, ML-OBS can direct the bursts onto a different lane but the same wavelength 

without wavelength conversion. Under condition (3) when two bursts coming 

simultaneously to the same wavelength and all the other lanes with the same wavelength 

are occupied, ML-OBS still has to drop the burst as to traditional OBS. In theory, ML-

OBS makes the switching without wavelength conversions possible comparing with 

traditional OBS. Figure 6 shows the switching procedure with the corresponding cases as 

Figure 5 ML-OBS architecture 
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in Figure 4.b.  

For the scheduling procedure, ML-OBS also uses O/E/O conversions to get the 

information from burst headers, and has a scheduling unit to make transmission decisions 

for incoming bursts. Note that the scheduling decisions only involve the lane number and 

wavelength ID, which makes the logic and hardware implementation simpler, as shown 

ML-OBS switching matrix in Figure 6. The detailed scheduling logic will be introduced 

in detail in Chapter 3.  

Figure 6 shows that ML-OBS can successfully solve the problem of Case (2). In 

fact, it uses multiple fibers, which in return avoids the much more expensive components 

cost for large numbers of wavelength converters. So that ML-OBS is a further developed 

OBS technology that is more commercially practical for metro network application.  

However, as for Case (3) of OBS, which is regarding to the dropping 

probability/blocking probability, which will be explained further in Chapter 4), ML-OBS 

still does not provide satisfied solutions. More approaches and trials need to be proposed 

and implemented to improve the optical burst switching technology for cloud-based 

network applications. 
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2.2.5  Reconfigurable Optical Burst Switching (RA-OBS) 

As illustrated in Chapter 2.1, data in the cloud is heterogeneous. Typically, one 

can always build separate networks using different switching technologies that can meet 

with the specific characteristic data requirements. However, in the view of the entire 

traffic transmission in the network, some applications imply higher demands, but others 

work with lower demands. As for commercial consideration, a switching router that can 

fit with the variable needs of the applications and flexible in use will be the best solution 

to be considered. The proposed approach, multiple switching technologies (EPS, OBS 

and OCS) can be supported in the same network on the same router at the same time. 

More specifically, the approach is based on a novel DWDM multimode switching router 

Figure 6 Burst scheduling procedures in ML-OBS 
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architecture that allows individual DWDM channels in the optical fiber to be dynamically 

reconfigured in EPS, OCS, or OBS modes, and switched using corresponding switching 

technologies within a router.         

A wavelength configured in the EPS mode is switched electronically on a packet-

by-packet basis by the core router; a wavelength in the OCS mode is switched at the 

wavelength level that the light path is reserved in ahead and all-optically transferred; and 

a wavelength in the OBS mode is switched according to the OBS protocol that the bursts 

are queued and transferred. RA-OBS has the following features: 

Reconfigurable – The word “reconfigurable” comes from the fact that RA-OBS 

router can change the switching mode after getting the selecting mode command from 

extracted burst header information. In addition, the wavelengths used in each fiber can be 

dynamically reconfigured based on specific traffic demands. 

Asymmetry – The asymmetry is due to the fact that bi-directional data exchange 

demand from a client can differ, and different switching modes can be chose then in two 

directions to provide the best performance for the data on the fly. For example, for 

telesurgery network, the OBS/OCS can be used from one direction of 3D HDMI video 

data transfer, while the EPS can be more suitable for control messages exchange in the 

other direction.  This example will be further illustrated in Chapter 3 [13]. 

In RA-OBS, OBS serves as the middle ground. Reconfiguring a channel for the 

EPS or OCS mode can be converted to a special case of OBS channel scheduling. The 

EPS follows the similar scheduling procedure with OBS, which is based on the IP packets 

scheduling method, queuing the packets. Although O/E/O converters are needed in the 
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EPS mode, , the core scheduling algorithm to set up an EPS channel can be the same as to 

set up an OCS connection. Moreover, as there is no need for optical buffering lines, the 

scheduling algorism is much simpler and more straightforward, getting the packets/burst 

queue in ahead. And for OCS case, it can be analyzed as the specified case that the burst 

lasts forever (with an updated burst length at the time of connection tear down).  

 The architecture proposed for RA-OBS is shown in Figure 7, where the three 

modes can choose different paths in the router. In the EPS mode, the optical signals go 

through the O/E/O converters, and electrical switching unit makes transmission all in the 

electrical domain, which is the same as traditional electronic switching. In the OCS mode, 

the optical switching fabrics have already setup the light path, and optical signals then 

follow the established light path. In the OBS mode, bursts flows are divided into two 

lines, the control line and data line (CL and DL). In CL, optical burst headers go through 

the O/E/O conversions for the switching decisions sending to the switching fabrics. And 

in DL, optical bursts are directed to the desired output with the routing decisions made in 

ahead. Note that the OCS mode is a special OBS mode, which assume that the burst lasts 

forever. And the OCS mode in RA-OBS is different from the traditional OCS as 

introduced in Chapter 2.2.2.  

RA-OBS realizes the approach of implementing in the state-of-the-art 

packet/burst switching technologies in both the electrical and the optical domain within 

one router. And in this RA-OBS router, input and output can switch data asymmetrically, 

for example, the forward direction picks the OBS mode, and the reverse directing uses 

the EPS mode. So that RA-OBS allows different latency and throughput performance for 

two directions of transmission if needed.  
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RA-OBS is a promising solution for some cloud applications, for example, 

telesurgery networks (Chapter 3.1). However, it does not provide an efficient solution for 

unbalanced demands made by different clients, and it does not address the issues with 

congestion control.  

 

 

2.3  Summary 

This chapter introduces the basic concepts of cloud computing and the sub-cloud 

network applications, as well as the switching technologies for data exchange in those 

networks. The wide spread of the cloud computing raises the requirements in the field of 

Figure 7 RA-OBS architecture with EPS/OCS/OBS modes procedure 
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switching technology. For the past few decades, electronic switching technology has been 

improved at the routing of WDM, DWDM. However, with the development of optical 

device and techniques, optical switching is preferred for better network performance. 

DWDM technology is used to carry multiple wavelengths in a single fiber, which enables 

great bandwidth expansion over existing network infrastructure. Developed optical 

switching approaches include optical packet switching (OPS), optical circuit switching 

(OCS) and optical burst switching (OBS), among which, OBS is the most promising for 

cloud computing networks. ML-OBS and RA-OBS are the two advanced OBS variants 

that provide solutions for heterogeneous traffic in the cloud. They demonstrate the 

improvement compared to traditional OBS with respect to commercial deployment cost 

and asymmetric routing. This thesis will be based on OBS, ML-OBS and RA-OBS to 

propose further advanced optical switching technology that can deal with the 

heterogeneous traffic in the cloud especially with variable exchange data quantity 

demand from the clients with considerably lower deployment cost. 



20 

Chapter 3    Asymmetric ML-OBS Router  

3.1  Motivation  

Chapter 2.1 illustrates that cloud computing raises two main challenges for data 

exchange, the speed of data transmission from/to the core network and the cost of routers 

with the heterogeneous traffic.  

New routing technologies are designed to meet with the new network 

requirements. In Chapter 2, the terminology of optical, burst, multi-lane and multi-mode 

are introduced. Researches have proposed new schemes in order to improve the switching 

performance. One notable technology is the RA-OBS technology described in Chapter 

2.5, which supports multiple switching technologies (EPS, OBS and OCS) in the same 

network on the same router at the same time. In the art, the researchers are mainly 

focused on the design for new technologies that make the entire network better, 

specifically on the connections between routers, Figure 1. However, considering the 

clients, who connect directly with the edge routers, there are different data transferring 

speed and traffic payload demands that need to be considered.  

For example, the local network for emerging telesurgery [14][19][20][23] allows 

a remote surgeon to perform surgery on a patient with the help of surgical robots on the 

edge. The surgeon controls the movement of the remote surgical robot, and the resulting 

action on the patient is captured by multi-view 3D high definition (HD) video, which is 

sent back to the surgeon. Round-trip latency, as opposed to one-way latency, determines 

the safety of telesurgery.  
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The HD video consists of a series of frames, each containing millions of pixels. In 

the case of 3D multi-view HD/4×HD video, two video streams, the left and right views 

needed for stereoscopic view regeneration, are transported. When pixels in a frame are 

transmitted through a network, each pixel will experience a different delay. The last pixel 

in a video frame, for example, experiences the longest delay. Network latency and jitter 

can cause delayed or stalled video at the surgeon site. In addition, different delays 

experienced by the left and right view frames in multi-view video can cause blurred 3D 

vision, threatening the safety of the surgery. And telesurgery has the issue of so-called 

asymmetric data transfers, as shown in figure 8:  

 Ultra high bandwidth HD/4×HD (four times the resolution of standard HD for 

medical use) video from the remote patient site to the surgeon site, 

 Low-bandwidth short robot control commands from the surgeon site to the remote 

patient site. 

Theoretically, robotic surgery systems such as Da Vinci can be operated over long 

distance. However, effectiveness of surgical care heavily relies on the prompt delivery of 

treatment. Significant delay in the sensor feedback can totally distract the surgeon and 

cause unpredictable and irreversible hazard to the patient.  

Network throughput, latency, and jitter (variation of latency) are major obstacles 

to widespread use of this technology [13]. It calls for engineering solutions to ensure 

natural interaction between the human operator and the remote robot through specific 

patient models, which can be normalized into the clients’ side improvement. In order to 

make the HD video forwarding faster, more bandwidth needs to be allocated. And in 
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order to bring the telesurgery network into practice, commercial cost needs to be 

considered when evaluating a new technology. 

 

Figure 8 Telesurgery network 
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3.2  Related Work 

As new health care applications require a stable, transparent, well defined and 

understood communications network, optical switching network has been investigated in 

order to meet with the new requirements. And to improve the network infrastructure for 

health care applications, like the telesurgery network, many solutions have been provided 

by researches. The following section will introduce numbers of outstanding method of 

optical switching control or modification systems. 

3.2.1  OPS/OCS/OBS 

OPS, OCS and OBS are the three basic switching technologies in the optical 

domain. Optical packet switching performs optical switching at the packet level, where 

every packet having its packet header, which goes through O/E/O converters and 

processed electronically while the payload is buffered optically [16][18]. In the optical 

domain, buffering is realized by holding light in a set of Fiber Delay Lines (FDLs). 

However, an FDL need to be designed ahead of time, and provides limited time delay. In 

order to meet with variable time delay need, tunable FDL architecture with multiple 

recirculation support is demanded. In all, this kind of buffering cannot provide flexible 

access and it leads to the complexity of hardware design [5][6]. Furthermore, delay leads 

to the problem of synchronization. Whenever there needs to be fiber delay lines, 

synchronization is required when the packet header needs to be converted back to the 

optical domain and also aligned with the payload, which makes the optical packet 

switching more subtly complicated. The above-mentioned two major obstacles prevent 

optical packet switching (OPS) from practical deployment in the foreseeable future.  
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In optical circuit switching, circuits are established between source and 

destination nodes before data is transmitted. Once the light path is reserved, data would 

follow the path transparently without O/E/O conversions. When implementing optical 

circuit switching, an optical add-drop (OADM) multiplexer is used, as some wavelengths 

are reserved for light pass through, but data on other wavelengths will need to be dropped 

[5][6]. Optical circuit switching is ideal for large data quantity and longtime transmission; 

however, the setup/tear down time is considered overhead for short time duration traffic. 

Light path is occupied by particular optical flow and the circuit resources cannot be used 

for other wavelength until it is released. Hence, OCS suffers greatly from inefficient 

bandwidth utilization under heterogeneous traffic conditions.  

Optical burst switching combines the advantage of optical packet switching and 

optical circuit switching while addressing the limitations of both techniques. Burst is a 

group of packets heading to the same egress router. A burst header carries the information 

of the burst arriving time and end time, and is processed electronically at the core router 

node for routing decision and wavelength allocation. The header is launched at an offset 

time before the burst comes, which can be set ahead to compensate for the 

processing/configuration delay [5]. Then the burst data will follow the established light 

path all optically. Grouping the packets with the same outgoing egress and setup the light 

path on the fly have become the most significant attractive features of optical burst 

switching in optical switching technologies. However, such a method also has drawbacks; 

the need for expensive wavelength converters and need for large switching matrix [4]. 

Contention occurs when two overlapping bursts arrive at the same time and ask for the 

same light path to the same egress, meaning the problem of OPS has not been completely 
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solved in large payload cases. In order to reduce the dropping probability (which will be 

explained in detail in Chapter 2.5), OBS networks rely on wavelength conversions for 

contention resolution. When two bursts competing for the same output link at and OBS 

router, one of the bursts can be converted to another available wavelength. Furthermore, 

expanding OBS network by using DWDM method is not an easy ride. Although optical 

link can easily increase the capacity from 10Gb/s to 1 Terabits/s by lighting up 100 

wavelengths over the same fiber, for example, with the current technology, there raises 

the need for large switching matrix for a large number of wavelengths and the need for 

large quantity wavelength converters [4].  

OPS, OCS, and OBS are the three most popular research topics for the optical 

domain data exchange. When considering the implementation of these three technologies 

for the telesurgery case in Figure 8, conclusions can be drawn: (1) OPS can make 

individual scheduling decisions based on the information carried by the packet headers, 

which improves the data transferring from all O/E/O conversions. However, in order to 

deal with the unavoidable delays, complex optical delay systems need to be designed. 

Cost increases dramatically. (2) OCS can easily achieve high traffic demand data 

exchange with light path set up ahead of time, to support applications such as HD videos, 

even 3D videos. However, OCS typically last for months, if not years, and can be very 

inefficient for the surgery robot commands forwarding due to its low bandwidth 

consumption.  (3) OBS deals with the problem with an offset time between the header 

and the burst, compensating the time needed for header processing, which enables the 

light path configuration ahead of the burst arrival. However, under low traffic load, such 

as the robot control side, OBS might add extra latency, making those clients less efficient 
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for data exchange. As a result, RA-OBS, Asymmetric all-optical switching, and ML-OBS 

have been proposed to solve some of the problems with traditional optical switching 

technologies.  

3.2.2  RA-OBS 

RA-OBS is a multi-mode switching scheme that has the mode of OBS, OCS and 

EPS, where the scheduler takes the role of choosing the fittest mode according to the 

traffic characteristics, like the latency, traffic load etc. It combines the three modes in one 

router, so that such router can fit with the health care applications with different 

requirements for data transmission, like the telesurgery application illustrated in chapter 

3.1, commercially reduce the cost for routing [6].  

(1) EPS mode: Packets to be sent in the EPS mode are queued and transmitted on 

a packet-by-packet basis, similarly to the electrical packets switching method. The optical 

packet will go through O/E conversion first and enter the electronic switching fabric for 

electrically processing, and then converted back into the optical domain after E/O 

conversion.   

(2) OCS mode: Optical data belonging to an optical circuit will be sent on the 

light paths set up by the OCS protocols. The optical data can bypass the O/E/O converters 

and can be directed into another wavelength with wavelength converters if needed, so 

that this kind of method can increase the network utilization from the entire network view.  

(3) OBS mode: Packets or flows in the OBS mode are assembled into bursts 

according to the destination egress edge router address. And by processing the burst 

header packets with O/E conversion, the scheduler analyzes the arriving time, the end 
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time and the outgoing port, then set the routing information into queue, and post-

processes the burst header packet with E/O conversion. The configurable routing control 

module will refer to the routing information queue, and set the routing path a proper time 

before the bursts come. By processing the burst header packet, the burst data can be 

transferred all optically with the routing queue. And from the conversions of O/E and E/O 

conversion, the traffic can choose to be directed into another wavelength if needed, which 

increases the flexibility in optical domain and leads to the increase in network utilization. 

The transferring method with wavelength conversion has two steps, which are firstly 

OBS mode and then OCS mode.  

 Comparing with designing three routers to meet with different traffic 

transmission demands, RA-OBS indeed reduces the entire commercial cost with three 

modes switching embedded in one router. However, consider a single router, we can find 

that this router design cannot bypass the usage of large amount of wavelength converters 

for congestion in OBS/OCS, which is painful especially when the network needs 

expansion. And the limitation of EPS/OCS modes narrows the range of application. 

3.2.3  Asymmetric WDM All-Optical Switched Routers 

As in RA-OBS, wavelength converters cost counts heavily for the router design. 

And in OPS, usage of fiber delay lines becomes a main obstacle. This raises a new issue 

that can be discussed, which is to reduce the number of components and the number of 

components a signal has to traverse without affecting the teletraffic performance of a 

network. Usually a uniform distribution is assumed for the design, however, which is the 

chief culprit for high cost. Similar with the thought in RA-OBS, that is the 
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asymmetrically implementation at input and output sides, a non-uniform distribution can 

be a trial.  

Asymmetric router proposed due to the non-uniform network traffic behavior, 

routers require asymmetric wavelength conversion capabilities and also asymmetric 

buffering capacity to solve contention. [8] shows that due to the proposed topology, 

packets may generate traffic bottlenecks produced by a tendency of the routing scheme to 

send packets with different destinations through preferred paths. This effect increases the 

traffic load and hence the probability of blocking at the output links of specific routers in 

the network and therefore a large buffer depth is required or an increment in the number 

of fibers per link. It also shows that an integrated analyses by considering the network 

topology, routing scheme, dynamic traffic distribution and multiplexing gain of the 

routers into a single optimization model leads to an optimum all-optical router 

architecture and network design. The basic idea of integrated analyses is to 

simultaneously optimize decision variables of different functions that have traditionally 

been optimized in an isolated way.  

3.2.4  ML-OBS 

Traditional OBS networks rely on wavelength conversions to provide statistical 

multiplexing performance. As the cost for wavelength converters is foreseeing high, ML-

OBS is proposed to solve the problem, with multiple lanes of multiple wavelengths, 

which makes the switching from the input to the output side on the same wavelength 

possible. In ML-OBS network, edge routers and core routers follow the same design 

architecture.  
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Similar with the traditional OBS, at least one of the wavelengths in each link is 

used to carry burst headers as the control channel. And the multi-lane burst header 

contains not only the normal burst header content such as the offset, the length, and the 

incoming wavelength, but also the destination lane ID, differently in that with wavelength 

converters, the traditional OBS doesn’t care about the outputting wavelength. In 

switching matrix view, although ML-OBS follows the same principle as the number of 

lanes multiple the number of wavelengths, adding more wavelengths can be supported by 

expanding instead of replacing the existing router [4]. Taking MEMs for example, an 

optical burst can be redirected to another fiber by handling and then transmitting the 

optical signal to the desired fiber/lane, a construction of which forms the so-called optical 

switching matrix. For controlling part, a control device processes and analyzes the burst 

header, then sends out controlling signals onto those MEMs to set the connections 

between fibers.  

As for technologies based on OBS, typically we consider two evaluation 

standards, congestion control and commercial cost. ML-OBS does reduce the router cost 

as it gets rid of the wavelength converters by increase the number of fibers. It is indeed a 

successful sacrifice strategy. However, for congestion control, it is in the same condition 

as the traditional OBS with full wavelength conversions [4]. Furthermore, for the 

problem discussed in chapter 3.2.3, no further steps are made for the non-uniform 

network traffic behavior. In all, ML-OBS technology still has some potential to be moved 

forward.  
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3.2.5  Challenges  

Authors of [4][6][8][13] introduce the optical solutions to the new cloud demand. 

OPS is easy to understand but hard to implement, as there is need for unpredictable fiber 

delay lines, and has flood of packet header to process before routing happens, which 

indeed brings numerous latency. OCS is more like hardware setup, which is fit for data 

transmission to the fixed destination, but lacks of the flexibility for heterogeneous traffic 

in the run. Although the light path can be setup on call, it takes too long for practical 

usage for the entire routing in the network. OBS is the most promising for foreseeing 

optical network, with integrated packets with the same destination in one burst, so that 

fewer headers to be processed, and as the data for control and bursts are apart, OBS can 

use offset time to compensate the processing time, so that avoid the complexity of using 

fiber delay lines.   

However, with OBS, there are still many issues need to be discussed for better 

performance and commercial use, including congestion control and commercial cost. RA-

OBS can play the modes of OPS, OBS and EPS in one router at the same network in the 

same time. It allows choosing the appropriate mode as the request from the control 

channel signal. This method increases the cost efficiency, but cannot improve the 

congestion control of OBS, as it mainly uses traditional OBS for data transmission. 

Asymmetric WDM router, multi-lane OBS, and reconfigurable asymmetric OBS are 

introduced as above. As for asymmetric WDM router, reconfigurable delay units and 

wavelength can be implemented according to the burst data, which is so-called 

asymmetric. However, such approach involves both delay fibers and wavelength 
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converters, so that the cost for asymmetric router is comparably high. ML-OBS designs 

multiple lanes with multiple wavelengths available in each port, so that solves the 

problem from traditional OBS with numerous wavelength converters. The coming burst 

can be directly forward to the desired port with the same wavelength carried on the 

optical fiber. When analyzing the blocking probability from port view, we can easily find 

that such result is the same with the Erlang’s Equation, with the assumption that 

theoretically, as long as the outgoing port is available as the desired time, the burst can be 

certainly transmitted.  

A further approach can be the solution that deals with the deduction of the 

implementation components at each port. As the case of telesurgery network indicates, 

the clients have different requirements for the traffic load, speed and latency of 

transmission. A new method can be designed with the reference of the word 

“Asymmetric”, where a non-uniformed lanes distribution can be involved. The following 

section will introduce the proposed asymmetric router. 

3.3  Proposed Asymmetric ML-OBS Router 

For a detailed view of the ML-OBS router architecture, each port has multiple 

lanes/fibers that carry multiple wavelengths in each lane/fiber.  The ML-OBS is 

connected to L incoming links and L outgoing links, each of which consists of F fibers. 

Each fiber carries W wavelengths. A burst can be sent on wavelength   
         

                  , and destined for outgoing link d can be routed to 

  
 
          , where   

 
    on the outgoing link is available for the duration of the 

burst. As goal for ML-OBS is to successfully transfer data bursts to the desired port with 



32 

the same wavelength, we can ignore the wavelengths but keep track of the lanes/fibers 

instead. So the ML-OBS can be simpler viewed as figure 9, in which the ports are 

designed identical, same number of lanes for inputs and outputs. However, when 

considering the telesugery case in figure 8, the lanes/fibers distribution on the ports needs 

to be changed to asymmetrical allocation, where the lanes can be unbalanced for each 

port, model shown in figure 10. 

From the simplified asymmetric ML-OBS router architecture, the incoming side 

and outgoing side can follow the same theory. In figure 11.b, the half view of the 

asymmetric ML-OBS router architecture shows that the bursts come into the asymmetric 

ML-OBS router, and the router switches the bursts based on the requested output port. 

Distribution of the lanes can be applied in the scheduler, so that different ports can have 

different weight on the total traffic payload. Such theory can be also applied at the input 

direction, that the input ports have different contributions to the whole data flow. 

The definition of the new asymmetric router can refer to the definition in ML-

OBS, where the asymmetric router is connected to L incoming lanes and L outgoing lanes, 

each of which consists of F fibers. Each fiber carries W wavelengths. Assume there are N 

clients connected with the asymmetric router, clients herein can be treat as the “port”.  

Each port can be distributed with             lanes, and         
 ; the number 

of lanes can be designed according to clients’ traffic load requirement, and can be 

different. A burst can be sent port   and on wavelength (       
                

                  , and destined for outgoing port d on the same 

wavelength (                 , where     on any of the lanes of outgoing port is 

available for the duration of the burst. 
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There are many ways to construct the switching matrix.  From the half view of the 

Asymmetric ML-OBS router, in figure 10(b), we only take the outgoing side for 

consideration. Wavelengths from       are fed into a multiplexer (MUX) into each fiber. 

And multiple fibers are combined into a fiber beam for each lane. Each port can occupy 

multiple lanes resulting from the demand of the traffic load. There are N port categories, 

and for each category there are   incoming lanes, but             outgoing lanes, 

and   optical switching planes and wavelength   
                         

   on the incoming and outgoing link is connected to optical switch          . 

The relationship between the incoming/outgoing wavelengths and the ports of the optical 

switches are established as follows. 

Figure 9 Simplified ML-OBS router architecture 
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We first pay attention to a specified port, as port   , where based on connectivity 

rule wavelength   on any port containing fiber is connected to optical switch   . Based 

Figure 10 (a) Simplified Asymmetric ML-OBS router architecture  

                                       (b) Half view of the Asymmetric ML-OBS router architecture 
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on the definition, the incoming wavelength   
                            

comes from   
 , which is the  -th fiber of incoming link  . And the outgoing port with the 

same wavelength is       
 , lane      with the wavelength of     . For the incoming side, 

the total channel number is      , and the outgoing side is         . However, for 

the outgoing side, the design only takes care of the port number and wavelength, so that 

from the scheduler view, the choice is picked from            , where           is the 

function that shows any lane or any fiber that is available when the burst is coming, 

        

                 , and                                  (1) 

       .                                          (2) 

 
 

Figure 11 Relations between fibers, lanes at wavelength K plane 
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The derivation above can be used for scheduling and optical switch fabric 

establishment. The wavelength plane definition is shown in figure 11. 

3.3.1  Burst Scheduling 

The scheduling scheme is proposed in this section, which is similar with the one 

proposed in ML-OBS and RA-OBS. Figure 10.b shows the half view of the asymmetric 

ML-OBS router, in which flow of data bursts is directed by the router. As for the 

implementation, there are two separate units dealing with the scheduling procedure, (1) 

the scheduler that makes decisions from the information carried in the burst header, and 

(2) the matrix fiber that sets up the light up according to the scheduling decisions. In ML-

OBS, there is a separate lane carrying the burst header, which contains the scheduling 

information, including the offset time, the length of the burst and the desired outgoing 

port and etc. Control data need to go over O/E/O conversions. The scheduling procedure 

is designed in electrical domain. And the scheduling algorism is to find the available 

switching path that can forward the coming burst to.  

Referring to the scheduling in ML-OBS [4], the procedure begins with computing     

the data burst arriving time by using the recorded arrival time of the burst header, along 

with the offset time carried in the header packet. At the same time, the input port, the 

arriving DWDM lane, the QoS parameters and the control wavelength that the burst 

header arrives on are also recorded. All the above information is used to configure the 

multi-lane space-switching matrix, as well as to compensate for the discrepancy between 

the traveling time of the burst header packet and the data burst. Then a decision will be 

made by the input processor after routing look up and burst classification according to the 
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routing information carried in the burst header, which will determine which lane the data 

burst will be directed to. Then each multi-lane output processor receives the header for 

further processing. The ML-OBS scheduling procedure is shown in figure 12. 

            The asymmetric scheduler is a further integrated scheduling module, consisting of 

a number of reconfigurable schedulers from the ML-OBS. As figure 10(b) indicates, for 

the proposed asymmetric router, different port contains different number of lanes, in 

which multiple fibers and multiple wavelengths involved. And the complex scheduling 

decisions can be made with known wavelength and desired output port ID. The goal is to 

find the available fiber/lane that can carry the coming burst. Figure 13 shows the 

proposed asymmetric scheme in the application of the telesurgery case in chapter 3.1. The 

Figure 12 ML-OBS scheduling procedure 
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data flow is generated from the 4 clients, including the Video Display, Video Capturing, 

Surgery Robot and Surgery Robot Control, and queued by the header packet cells, then 

divided into the outgoing port categories, and then the individual scheduler will make 

scheduling decisions from the scheme of the ML-OBS scheduling algorism.  

The formal algorithm for on the fly scheduling of the asymmetric ML-OBS is 

described as follows: 

For arriving burst B, 

 Asy_ML_OBS_Scheduling(B){ 

  OutPort = B.OPort; 

  Wavelength = B.WaveL; 

  BurstStart = B.StartTime; 

  BurstEnd = B.StartTime + B.Length; 

Figure 13 Asymmetric scheduler blocking diagram in telesurgery case 
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  Port_ML_Status_Memory = &ML_Status_Memory(OutPort, Wavelength); 

  SelectedLane = FindLane 

    (BurstStart, BurstEnd, Port_ML_Status_Memory); 

  if(SelectedLane == -1){return(-1);}                    //Discard burst 

  else {return (SelectedLane);} 

} 

Asy_ML_OBS_Config(SelectedLane){ 

  If ((Q = FindMatrixTable(OutPort, SelectedLane) == -1){return(-1);}//error 

  else {return(Q);} 

             } 

If multiple fibers in each lane are taken into consideration, there can be a 

recursion that replacing the OutPort with SelectedLane, and FindFiber( ).   

The scheduling algorithm described can be adapted for realizing function 

FindLane( ) in constant      time.  The lane selector stage in the pipeline is based on a 

series of hardware comparators shown in figure 14. On the left, each entry (the entry 

herein refers to the so-called lane or the fiber in each lane if applicable) contains the 

information of the lane ID as well as the latest available time of this lane. The latter is 

used to sort the lane map in ascending order. Lane map entries are compared with the 

start and end time of an incoming connection request (either setup or teardown). The 

comparisons are carried in parallel, and the resulting outputs would constitute two binary 

sequences, one being the selection bits and the other being the update operation bits. The 
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lane updater stage in the third pipeline stage takes in two bit sequences obtained at the 

previous stage and performs necessary operations to update the lane map. It first decodes 

the two binary sequences into the correct lane entry numbers (  and   respectively). For 

the setup request, the update involves updating the lane's end time at entry    , moving 

the whole entry to position    , meanwhile shifting all original entries m     to   down 

by one position (if     > 1). For the teardown request, the updater looks up the request 

lane ID in the maintained "lane entry-lane ID cache" to get the corresponding lane entry. 

The “lane entry-lane ID cache” is a lookup table that keeps track of the lane ID and lane 

entries in the current lane map, which is exactly the routing information for the data 

transferring used by the hardware to implement the transferring process. Time 

arrangement is the most significant consideration for hardware implementation. To avoid 

consideration, which makes the “lane entry-lane ID cache” a queue in storage for the 

router hardware to refer for respectively continuously directing the data bursts into 

available lanes. The pipeline introduced here can perform scheduling with      runtime 

regardless of the number of lanes.  

Figure 14 shows the extract procedure. When there is a burst coming, (1) select an 

available entry: compare parallel the start time of the coming burst with the entries’ 

previous ending time, and pick the entry that the comparison result changes in the queue, 

as in the figure, lane 6 is picked; (2) add to the selected entry: add the incoming burst to 

the selected lane, then the lane has a new ending time; (3) update the lanes with new 

ending time: herein parallel updaters apply, comparing new ending time of the selected 

lane, lane 6, with the entries, entry 1 to 7 by order, and pick the position where the results 

in the queue changes, then that is the new entry the selected lane points to; do the position 
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change one by one until a same result with the previous. As in figure 6, the new entries 

queue refers to the sorted lanes with ID: Lane 0, Lane4, Lane1, Lane2, Lane7, Lane 6, 

Lane 3, and Lane 5. The scheduler update the new entries with new reference and then 

pass the result of lane ID picked to the specified scheduling control memory, in figure 12. 

Process of setting up light path will refer to the memory and bursts are forwarded to the 

desired output.  

3.3.2  Comparison with ML-OBS Scheduler 

 As the case shown in chapter 3.1, there are 4 clients in the telesurgery network, 

which are the Video Capture, Video Display, Surgery Robot, and Surgeon Control. Firstly, 

 
 

Figure 14 Lane select and update procedure 
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we will define the bandwidth, payload and speed for the optical network. In such network, 

assume a post-configured network with the allocated bandwidth             for 

each client; N is the number of clients in the network. Then the peak speed for 

download/upload speed is    
   

 
,        . Consider the network loss resulting 

from processing the packet header, protocol header and ATM header etc, the typical 

highest speed is   
   

 
  ,        ,   is the loss rate constant of the network   

   . As speed is a liner function with bandwidth, generally, higher bandwidth leads to 

faster transmission speed. Payload/traffic load is the actual data sent over the Internet. 

Assume the payload for each port is   ,        .           (3) is the actual speed 

for each client and  (S)(4) is the volume of data that carried       : 

           
   

 
      and                               (3) 

     =                                             (4) 

From equation (4), assume the ratio of the data volume carried by the ports is (5): 

                                        

                                                  .                      (5) 

Assume the bandwidth for each lane is identical, then             , then 

the ratio can be derived as (6): 

                                        

                                                     .                     (6) 
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Based on formula (16), in symmetric router condition,                 . 

However in proposed asymmetric router condition      is the function of is S,. 

 Take a dummy condition for example, where the ratio of traffic payload at the 

clients’ side is 3:1:1:1. Figure 15 shows the bursts scheduling in such condition with both 

cases of symmetric router and asymmetric router. From the dummy bursts scheduling 

procedure, we can find that as the data burst volume differs at different port, port 2, port 3 

and port 4 in the figure have unused resource of lanes. So that, in this particular case, 

given fewer allocated lanes, as shown in figure 15.c, 1/1/1 distribution still works with 

the coming bursts. When comparing the total number of lanes in the whole router, we can 

 
Figure 12 Bursts scheduling; (a) Bursts coming (b) Symmetric router status and bursts scheduling  

                (c) Asymmetric router status and bursts scheduling 
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easily find that as for symmetric router, 4 ports with 3 lane each will indicate 12 lanes in 

all, however with asymmetric router, only 6 lanes in total. Under this scenario, the 

manufacturing cost can be reduced with fewer configured number of lanes for different 

ports under different demands of traffic load. Back to the case of telesurgery, port 1 can 

be referred to the video displaying client, etc.  

To be noticed, this procedure is under an assumption that all the traffic can be 

forwarded; however in the real network case, bursts dropping apply when congestion 

happens. Chapter 4 will introduce a generalize model that involves the blocking 

probability, making the lanes distribution more reliable.  

3.4  Summary 

This chapter introduces the thesis proposed asymmetric router detailed in the 

math model, the scheduling procedure, and the implementation model. As illustrated in 

Chapter 3.1 network applications raise different demands for the traffic transmission on 

the fly. In order to meet with those requirements, OPS, OCS, OBS, ML-OBS, AOS and 

RA-OBS are the candidates for the future optical network technology. However, none of 

them have any solutions for the unbalanced traffic load from the clients. This thesis 

proposes a so-called asymmetric router design, which is based on the ML-OBS 

technology to provide a potential approach for the problem. The router definition, the 

scheduling diagram and the burst scheduling procedure are then illustrated in this chapter. 

In the end, a performance comparison between ML-OBS and Asymmetric ML-OBS are 

shown, which indicates that the asymmetric ML-OBS is able to reduce the number of 

lanes distributed for ML-OBS as a result from overestimated for some clients.   
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Chapter 4    Analysis and Verification 

4.1  Introduction to the Expected Result 

Asymmetric ML-OBS router is proposed to meet with the different traffic loads of 

the clients. And with a non-uniformed lanes distribution, the router enables an individual 

suitable number of lanes for each port, so that leads to the deduction of commercial cost 

for manufacturing an edge router.  

This chapter will first provide the cost evaluation method and verify the deduction 

of cost by applying asymmetric router. And a performance evaluation will also be 

proposed for illustrating that under the asymmetric design, the router still meet with 

industrial blocking probability standard. In the end, configuration strategies will be 

presented. 

4.2  Cost Model of Optical Router 

This thesis points at reducing the router manufacturing cost for optical network.  

Generally, the cost of a specific optical router can consist of two kinds of cost, the 

switching matrix cost and the fiber components cost. The function shown below is 

derived for the switching matrix calculation, where   is the number of wavelength 

planes,   is the number of links,   is the number of fibers per link. 

               .                                      

The proposed asymmetric router enables non-uniformed lanes distribution, so that 

avoid the overestimated components cost. This section will give a general commercial 
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cost model consisting the fiber cost and matrix cost for analyzing an optical router.  

4.2.1  Cost Model of Asymmetric ML-OBS Router 

We use the introduced definition of asymmetric router for cost analysis. Figure 

15.a shows the general look of the proposed asymmetric router, where there are   ports 

each side, corresponding to the number of clients connected with the router, and      

lanes per port,        ,   fibers per lane,   wavelength per fiber. We derive the 

general commercial cost with the assumption that the cost unit for each wavelength in 

each fiber is  . And the matrix unit cost is  . We assume a constant ratio between the unit 

matrix cost and fiber cost is  . The fiber cost for each client is (7). We get the general 

fiber cost as (8). The matrix cost as (9). And the total cost as (10),  

                     ,                                   (7) 

                           
 
     

                                          
   , and 

                                                    

                    
                 

     

                              
   .                       (8) 

The matrix cost is, 

                               
            

       , then   (9) 
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                               (10) 

 

And   
      

     
, then 

                           
          

 
 
         

        . 

                                                                                                                (11) 

 
 

Figure 16 (a) General Asymmetric ML-OBS router 

(b) General Symmetric ML-OBS router 
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We assume all the lanes are identical, which means, each lane is consist of same 

number of fibers and each fiber carries same number of wavelengths. Generally, we are 

interested in the relationship between cost and number of wavelengths or number of 

clients. From the formula shown in 22, the total cost is a progressive increase function of 

number of wavelengths, figure 17. And we also plot the relationship between total cost 

and number of clients, figure 18.  

4.2.2  Cost Model of Symmetric ML-OBS Router 

Back to the case of ML-OBS router, the definition is the similar in layers. 

However, the decision of lanes distribution is different. In ML-OBS, typically, one router 

connects with one client [4]. So that combining all the client-connected routers, we will 

get an integrated ML-OBS router, which is of the same function with the asymmetric 

 
Figure 17 Total asymmetric router cost vs. number of wavelength carried per fiber 
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router designed as figure 15.a. We derive the cost function for ML-OBS Router, as shown 

in figure 15.b. There are there are   ports each side, corresponding to the number of 

 

clients connected with the router, and         lanes per port,        ,   fibers per 

lane,   wavelength per fiber. Assume the cost unit for each wavelength in each fiber is  . 

The fiber cost for each client is (12). Then we get the general fiber cost as (13),  

                      ,                                    (12) 

                       
 
     

                                         
   , and 

                                              

                                           
                    

      

 
Figure 18 Total asymmetric router cost vs. number of clients connected 
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            .                   (13) 

To be noticed, in the definition of ML-OBS router, we know that all the ports are 

designed identical, so that the cost for one direction is (14). And typically people use 

maximum strategy for lanes decision, so that we get the total cost for ML-OBS router 

(16), as shown below, 

                               
                 ,    (14) 

                              , and                                (15)                 

                                            

                                                       .                  (16) 

And the matrix unit cost is  . We assume a constant ratio between the unit matrix 

cost and fiber cost is  . The matrix cost as (17). And the total cost as (19), 

                                        
 
  ,                 (17) 

                                       
 
     

                                                            ,                (18) 

   
      

     
, and 

                                     
 
  

                                                .                                        (19) 
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Figure 19 Total symmetric router cost vs. number of wavelength carried per fiber 

 
Figure 20 Total symmetric router cost vs. number of clients connected 
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            From figure 17,18, we provide the relationship between total cost and number of 

wavelengths carried per fiber. And from figure 19,20, we provide the plot for relationship 

between total cost and number of clients. From figure 17 and figure 19, we can conclude 

that the total cost is a linear function of the number of wavelengths planes. But the 

relationship between the cost model and number of clients needs to be further illustrated. 

The following section will give the ratio between asymmetric router and symmetric 

router, and a conclusion will be drawn afterwards. 

4.2.3  Comparison between Asymmetric and Symmetric 

ML-OBS Router 

From (22) (27), we get the ratio for cost between A-ML-OBS and ML-OBS (20). 

The ratio is shown as (20), 

       
                 

               
 

                
         

            
   

 
                

   

                                           
  

                            
  

         

 
      

               
     

 

   

                   
                  

                     
 .                                                     (20) 

As shown in figure 21, we plot (a) the relationship cost between asymmetric 

router and the symmetric router, and (b) for clear comparison we plot the cost ratio in the 

same assumption in (a). To be noticed, we have three assumptions for the plotting; (1) we 

assume the interested random values is from 1 to  ; (2) we use the expectation value of 
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the port distribution for asymmetric router, and (3) we use the expectation function for 

the total maximum port value in symmetric router. From the plots, a conclusion can be 

made that under such assumptions, the cost of asymmetric router is lower than the 

symmetric router.  

In figure 22, for further verification, the plot shows all the cases in the asymmetric 

router for port distribution in 4 clients, and 8 clients conditions. There are the best cases 

and the worst cases, for which, the ratio get the lowest value and the highest value as 1. 

And from the plot, a conclusion can be made that the ratio will not run over 1, which 

 
Figure 21 (a) Total costs in case of Asymmetric router and Symmetric router  

                         (b) Ratio of the cost (based on an expectation value) 
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means the cost of asymmetric router will never exceed the cost of symmetric router in all 

cases as long as we know the number of clients. 

4.3  Blocking Probability on Asymmetric ML-OBS Router 

Chapter 3.3.2 introduces the ideal relationship between data volume and lane 

distribution. However, the relationship is based on an assumption, which is said data 

bursts can be forwarded to the outgoing side for sure. For heterogeneous traffic running 

in the network, all the bursts can hardly be scheduled tightly one by one and the input 

traffic load overflows the output capacity, which results in a so-called burst blocking that 

is referring to the case that a burst cannot be scheduled a proper time slot and be dropped 

in optical network.  

In the case of ML-OBS, assume all the switching fabric is non-blocking (non-

block means each incoming link can always be routed to an available outgoing port 

Figure 22 Ratio of Asymmetric router and Symmetric router over port distribution 
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successfully to carry the traffic, which will be introduced in Chapter 4.2). Consider a core 

node where all traffic flows come from M incoming lanes and there are K lanes in the 

outgoing links. Therefore, only the case where loss can occur (0<K<M) is of interest. 

Although there are multiple wavelengths carried in each lane, the analysis on ML-OBS 

will only be focused on the blocking probability of each lane instead of the blocking 

probability of each wavelength [7]. 

The Erlang loss function  

       
  

  
  

  

  

 
                                                                            (21) 

is fundamental to the study of the telephone trunking problems [17]. A. K. Erlang used 

B(N, a) to express the probability that a call, which is a member of a Poisson stream of 

parameter a, arriving at a group of N telephone trunks will be rejected. Here, the Erlang 

formula can be extend to analyze the loss probabilities of ML-OBS protocols. In each 

channel, the time period during which it is occupied by OBS is called an ON period. And 

the continuous time slots in between all the ON periods are called OFF period. For 

OBS/MLOBS, by using JIT scheduling, the ON period time is associated with the entire 

burst transmission time and the offset time between the control header and data burst.  

Assume that a burst is transmitted on a wavelength for an exponentially 

Figure 23 ML-OBS scheduling burst model 
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distributed period of time with mean time     . Consider the weighted average of all the 

traffic length to be the whole ON time period by ignoring all the reservation time, 

signaling and offset time. The OFF period is assumed to be exponentially distributed with 

mean time     . For the mathematical model, let       be the burst traffic intensity per 

wavelength channel. Define the normalized traffic intensity as             to be 

horizontal axis. The Engset is often used to calculate the blocking probability occurring 

in a circuit group. Unlike Erlang B formula, which is the standard formula to compute 

blocking probability, it assumes a finite population of   sources. In practice, like Erlang 

equations, Engset’s formula also requires recursion to solve for the blocking probability. 

Although there are several ways to do the recursions, one approach is to first determine 

an initial estimate, then the initial estimate is substituted into the equation and the 

equation then is solved. The answer from the initial calculation is then substituted back 

into the Engset equation, resulting in a new answer that is again substituted. This iterative 

process continues until the equation converges to a stable result with a pre-determine 

error. The Engset formula is as follows: 

     
 

      

           
    

  
      

           
     

   

 and                                   (22) 

  
 

            
 ,                                                                      (23) 

where   is the offered traffic intensity in Erlangs; S is the number of traffic resources;   

is the number of circuits in the group, and     is the blocking probability. Figure 24 

shows the blocking probability with 12 incoming and 3 outgoing lanes. 
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New Erlang’s Equation for the Blocking Probability in the Asymmetric ML-OBS 

router case is derived in this section. Referring to the definition of Asymmetric ML-OBS 

router in Chapter 3, each port can be distributed with      lanes, and         
 . 

Assume the total traffic load is   and the load ratio for the ports is,                   , 

      and        . Then the real traffic load for each port is (24), and the new 

Erlang’s Equation for each port is (26),  

for,       

        
 ,                    

Figure 24 Blocking probability with (1) 12 incoming and 3 outgoing lanes and  

                              (2) 6 incoming and 3 outgoing lanes 
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  ,                                      (24) 

            
 

      

              
       

  
      

              
        

   

, and                                                   (25) 

  
    

                      
.                                                                     (26) 

4.4  Design Strategy with Cost 

Assume that in industry, there is a so-called expected blocking probability limit to 

ensure the performance of the designed network. So that formula (19) can be expanded 

into two configuration strategies for the proposed Asymmetric ML-OBS router design, 

A. We know the maximum traffic load for the clients, and the total commercial 

cost limit for single client-connected router, which means we have hint for the sum value 

of the incoming/outgoing lanes, specifically . Then according to the mathematical 

blocking probability model, we can get the plots of BP (Blocking Probability) vs.      

(number of lanes at a particular port) for all the clients, and pick the most close-to-

standard lanes distribution. To be noticed, in order to fit the total number with the desired 

incoming/outgoing lanes, a negotiation need to be established for the best performance. 

As shown in figure 25.a, the plot gives the BPs of a 12 lanes incoming and 2/3/4/5/6 

outgoing models. In order to get the ideal lanes distribution for each client, (1) we firstly 

get the BPs for number of lanes from 2 to half the total lanes, which is 2 to 6 in the 12 

incoming case at a particular traffic load. The traffic load is a characteristic for the 

particular client; (2) we get the industrial requirement for BP limit in the network; (3) we 

get the ideal number of lanes, which can be seen from the plot that the number can be a 
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non-integer value; (4) we negotiate the ideal lanes with the BP or with the entire strategy 

to get the most suitable lanes number for the picked port. In the plot, we pick 4 lanes for 

the client with traffic load value of 0.15 and 7 lanes for the client with traffic load value 

of 0.45. 

B. Similarly, if we know the port distribution, by plotting the BP (Blocking 

Probability) vs.      (estimated traffic load) for all the ports, we can get the blocking 

probability at different traffic load. So that we can continue with the clients’ function 

design strategy, for example, flow control, to avoid optical data loss thus high latency. In 

figure 25.b, the strategy procedure is shown. With the assumption that we know the port 

distribution, as the case of 12 incoming lanes, suppose we have a manufactured 

asymmetric router, with the port distribution of 3/4/5 lanes for three clients. (1) We firstly 

plot the BP with the traffic load under three cases. (2) We get the industrial BP limitation 

that is 5dB. (3) We find the threshold for each case, and get the traffic load limitations. As 

shown in the figure, for the cases of 3/4/5 lanes of the clients, the limit of traffic loads 

should be around 0.008/0.03/0.16.  

4.5  Summary 

This chapter introduces the evaluation methods, including the blocking 

probability and the commercial cost model for the asymmetric ML-OBS router. From the 

results demonstrated in this chapter, conclusions can be obtained that the design of 

asymmetric router indeed finds a strategy of negotiation between blocking probability 

and port distribution. And follow the strategies suggested, a solution for making the most 

economic decision for port distributions is provided with given network application 
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demands. From the other aspect of the strategy, the traffic load distribution for the best 

data transmission performance of a given asymmetric router is achieved. 

 

Figure 25 Blocking probability vs. traffic load at the case of 

                                       12 lanes in total and strategy procedure 
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Chapter 5    Conclusion 

With the widespread of cloud computing, there appear more and more network 

applications in the cloud, like the cloud of telesurgery network and the cloud of weather 

forecast network. Those sub-clouds overcome the problem of distance and local storage 

limit, meanwhile improving the flexibility and efficiency of the applications. However it 

raises great requirements for data exchange at edge and core routers as the cloud becomes 

the gathering place of data for exchange. New technologies have been proposed to satisfy 

the increasing network demand.  

With the introduction of optical fibers, there come the new generation routers for 

data transmission in history. Optical switching technologies allows for higher speed and 

more transparency. Technologies such as OPS, OCS, OBS, ML-OBS, RA-OBS have 

been proposed in literature as candidates for technique leaps in the optical domain. When 

evaluating these technologies, several aspects need to be taken into account; (1) latency, 

(2) traffic load, (3) blocking probability, (4) commercial deployment cost, (5) 

implementation complexity. Some of the technologies meet well with a few of these 

aspects. However, considering the fact that different clients in a specific network and 

different network applications may have different traffic load onto the edge routers, a new 

router that can meet with unbalanced traffic in the cloud can be of interests.  

This thesis has proposed a novel asymmetric ML-OBS router that has non-

uniform lane distribution to meet with the different traffic payloads of the clients in a 

specified network application, such as the telesurgery case. The proposed router can be 
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further used as a connection point between core network and the sub-cloud, making the 

entire network more economic. In this work, definition of the new asymmetric router has 

been provided, scheduling implementation scheme has been designed, and evaluation 

methods for both cost and performance have been presented. In addition, configuration of 

the router has been discussed. As In Chapter 3 and 4, conclusions can be drawn that the 

proposed asymmetric router indeed reduces the construction cost of the router, while 

meeting with the blocking probability constraints for commercial deployment. Therefore, 

the proposed asymmetric optical burst router can be a promising candidate for future 

optical switching technology.  

In this chapter, we summarize the main aspects of proposed symmetric ML-OBS 

router.  

(1) The design of Asymmetric ML-OBS router is based on the ML-OBS, where 

multiple ports, multiple lanes, multiple fibers and multiple wavelengths apply. The 

definition and structure model have been provided. 

(2) A pipelined architecture is designed to improve the overall scheduling 

throughout for Asymmetric ML-OBS scheduling procedure, which can achieve constant-

time (O(1)) performance in processing incoming connection requests, regardless of total 

number of output wavelengths.  

(3) The integrated scheduler is a top-down structure, which makes the scheduling 

decision based on the clients’ demand. With that respect, such a scheduler can be 

configured client by client, without affecting the performance of the other clients.  

(4) Evaluation for commercial implementation cost has been developed. General 
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cost model for a router has been derived. According to the cost model, the cost 

comparison between a traditional symmetric ML-OBS router and the proposed 

asymmetric ML-OBS router has been presented. From the plots, conclusions can be made 

that the proposed asymmetric router is expected to reduce about half of the 

implementation cost.  

(5) Evaluation for switching performance has been provided. Individual 

performance has been evaluated theoretically with the number of available resources (e.g. 

effective light paths), and traffic load. It has been concluded that, with proper 

configuration, according to the scenario, blocking probability can be guaranteed with 

given traffic load.   

(6) Design and individual configuration strategies have been presented. These 

strategies are summarized and concluded from evaluation methods, cost and blocking 

probability. With the coordination using two evaluating tools, the most suitable lane 

distribution can be achieved. And similarly, with given asymmetric router, traffic load 

limit can be annotated for performance guarantee. 

 

  



64 

Reference 

[1] L. Siegele, “Let It Rise: A Special Report on Corporate IT,” The Economist, vol. 

389, pp. 3-16, Oct. 2008.  

[2] M. Armbrust, A. Fox, R. Griffith, D. Joseph, H. Katz, A. Konwinski, G. Lee, A. 

Patterson, A. Rabkin, I. Stoica, M. Zaharia., “Above the Clouds: A Berkeley 

View of Cloud Computing,” technical report, Univ. of California, Berkeley, Feb. 

2009.  

[3] H. Zang, J. P. Jue, and B. Mukherjee, “A review of routing and wavelength 

assignment approaches for wavelength-routed optical WDM networks,” Opt. 

Networks Mag., vol. 1, no. 1, Jan. 2000.  

[4] W. Tang, Y. Chen, “Multi-Lane Optical Burst Switching (ML-OBS) for Cost 

Effective On-the-fly DWDM Switching Without Wavelength Conversion” US 

Patent 8, 150, 264, 2012  

[5] Y. Chen, C. Qiao, X. Yu, "Optical burst switching: A new area in optical 

networking research," IEEE Network 18, 16-23 (2004) 

[6] C. Qiao and M. Yoo, “Optical Burst Switching (OBS)-A New Paradigm for an 

Optical Internet,” JHS, vol.8,  no.1, 1999, pp. 69-84. 

[7] Y. Chi, L. Zhengbin, X. Anshi, "Dual-Fiber-Link OBS for Metropolitan Area 

Networks: Modelling, Analysis and Performance Evaluation", in proceedings of 

IEEE Globecom'08, 2008.  

[8] G. Castanon, L. Tancevski, S. Yegnanarayanan, L. Tamil., “Asymmetric WDM 

All-Optical Packet Switched Routers,” Proc, OFC’00, vol. 2, Mar. 2000, pp.53-

55. 

http://www.researchgate.net/researcher/7994722_L_Tancevski
http://www.researchgate.net/researcher/8437992_S_Yegnanarayanan
http://www.researchgate.net/researcher/8183221_L_Tamil


65 

[9] D. L. Jagerman, “Some properties of the Erlang loss function,” Bell System 

Technical J., vol. 53, no. 3, pp. 525-551, Mar. 1974. 

[10] A. Kaheel, H. Alnuweiri, and F. Gebali, “Analytical evaluation of blocking 

probability in optical burst switching networks,” in Proc. IEEE ICC’04, vol. 3, 

June 2004, pp. 1548-1553.  

[11] M. Ji, Z. Wang, H. Sadjadpour, and J. J. Garcia-Luna-Aceves, "Capacity of 

wireless networks with heterogeneous traffic," in Globecom, November 2009.  

[12] Y. Chen, J.S. Turner, and Y. Ji, “Optimal Burst Scheduling in Optical Burst 

Switched Networks,” IEEE/OSA J. Lightw. Technol, vol. 25, no. 8, pp. 1883-

1894, Aug, 2007. 

[13] Y. Chen, W. Tang, "Reconfigurable asymmetric optical burst switching for 

concurrent DWDM multimode switching: architecture and research directions", 

IEEE Communications Magazine, Vol. 48, No. 5, pp. 57-65, May 2010.  

[14] E. Naone, “Bandwidth on demand: An academic internet provides clues about 

ways to improve the commercial Internet,” MIT Technology Review, web news, 

Feb, 2008. 

[15] L. Wang, “Dense Wavelength Division Mulltiplexing, Multimode Switching 

Traffic and Resource Management: In Reconfigurable Asymmetric Optical Burst 

Switching Networks,” University of Houston, 2010 

[16] M. Yoo, C. Qiao and Sudhir Dixit, “QoS performance of optical burst switching 

in IP-over-WDM networks,” IEEE J. Select. Areas Commun., vol. 18, No. 10, pp. 

2062-2070, Oct. 2000.  



66 

[17] D. L. Jagerman, “Some properties of the Erlang loss function,” Bell System 

Technical J., vol. 53, no. 3, pp. 525-551, Mar. 1974.  

[18] D. K. Hunter, W. D. Cornwell, T. H. Gilfedder, A. Franzen, and I. Andonovic,  

"SLOB: A switch with large optical buffers for packet switching",  J. Lightwave 

Technol.,  vol. 16,  pp.1725 -1736, 1998  

[19] T. Haidegger and Z. Benyó, “Robot Surgery, Extreme Telesurgery”, ISBN: 978-

953-7619-77-0, InTech, Jan. 2010.  

[20] M. James, D. Fayek, “Improved Flow Control in Optical Burst Switched 

Networks for Healthcare Applications”, HEALTHCOM 2005., pp. 61- 66, June 

2005. 

[21] Wang G, Andersen DG, Kaminsky M, Kozuch M, Ng TSE, Papagiannaki K, 

Glick M, Mummert L, “Your Data Center Is A Router: The Case For 

Reconfigurable Optical Circuit Switched Paths”, ACM HotNets’09, 2009. 

[22] M. A. Basha, "Optical MEMS Switches: Theory, Design, and Fabrication of a 

New Architecture," PhD Thesis, Electrical and Computer Engineering, University 

of Waterloo, 2007. 

[23] L. Wang, “Dense Wavelength Division Multiplexing Multimode Switching 

Traffic and Resouce Management in Reconfigurable Asymmetric Optical Burst 

Switching Networks,” PHD Thesis, Electrical and Computer Engineering, 

University of Houston,  2010 

[24] H. Vu and M. Zukerman,  "Blocking probability for priority classes in optical 

burst switching networks",  IEEE Commun. Lett.,  vol. 6,  pp.214 -216 2002  

 



67 

  


