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Abstract

Routing in the Internet is based on the best-effort mechanism, wherein a router forwards a packet to minimize the number of hops to the destination.  Also in the Internet all packets, independent of their sizes, are treated the same.  We propose the framework of NetLets to enable the applications to send data packets to the destination with certain guarantees on the end-to-end delay.  NetLets employ built-in instruments to measure bandwidth and propagation delays on the links, and compute minimum end-to-end delay paths for data packets of various sizes. Based on our experiments, the paths selected by our system using the measurements are indeed the minimum end-to-end delay paths, and our method outperformed the best-effort mechanism based on hop count.
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1.  Introduction

Routing is crucial to the end-to-end performance of the distributed computing applications on the Internet.  Current routing protocols select paths to minimize the number of hops to the destination.  These protocols sometimes ignore viable alternate routes with higher bandwidths or less congestion, both of which are vital factors in deciding the end-to-end delays.  Furthermore, one of the reasons for the unsatisfactory end-to-end path performance of the present Internet is the inadequate measurement infrastructure. Paxson [9] points out the need for infrastructure to diagnose performance problems, measure the performance of network paths, and to asses performance of different Internet service providers. In this paper, we restrict our attention to the measurements for the sole purpose of computing the minimum end-to-end delay paths.


Quality-of-Service (QoS) guarantees are critically needed by a variety of applications such as video conferencing and real-time distributed simulation experiments.  To facilitate the growing number of such applications, new protocols and infrastructures are being developed (MLPS, DiffServe and IntServe [12,13]) for ensuring end-to-end performance.  The real question is that, given the infrastructure currently in place, is it practical to replace it all with a new one that offers QoS guarantees for end-to-end performance?  The answer is no at least in the near future, but there can be middle ground.  This is achieved by incorporating daemons, called NetLets, above the existing network layer to provide end-to-end performances beyond the current Internet.  NetLets will be installed on certain intermediate routers (if possible) and on host machines.  Two NetLets are connected via a virtual link if they are connected by an IP path containing zero or more routers of the underlying network.  In Figure 1 an example of the virtual network that overlays on a real network is shown. 
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Figure 1: The nodes that are shaded contain NetLets and a virtual link from node A to node F is shown.  The path A-B-D-F in the real network forms the virtual link from A to F.

We now show that the packet size has a strong influence on the end-to-end delay of routing paths. It is indeed possible for the same source and destination pairs to have different minimum end-to-end delay paths for packets of different sizes. Consequently, the routing policy based on minimizing the hop count is only sub-optimal in general. The size of the IP packet varies from a minimum of 21 bytes (20 bytes of header and 1 byte of data) to a maximum of 65,535 bytes (20 bytes of header and 65,515 bytes of data). Consider the network shown in Figure 2.  The nodes A and B are the source and destination, respectively. The bandwidths on the links have been chosen to be either DS1 or DS1C and all links are assumed to have a propagation delay of 10secs. Then, to a first order of approximation, the end-to-end delay of a link is proportional to 
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, where σ is the size of the data packet, B is the bandwidth on the link and d is the propagation delay of the link. In the table next to the network diagram, the end-to-end delay of the routes for A to D for various IP packet sizes are shown.  Clearly, the minimum size IP packet chooses the path A-B-D, while the maximum size IP packet should choose the path A-B-C-D.  Of course we have not included the queuing and processing delay (call it node delay) at node C; the maximum size IP packet will choose A-B-D if the node delay at C is greater than 7msecs. The node delays can be handled by utilizing the probabilistic components to the end-to-end delays to derive similar conclusions but with certain probability [5].
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Figure 2: A network with A and D as the source and destination, respectively.  The bandwidth and propagation delays on the links are indicated. The table indicates the end-to-end delays for minimum and maximum sized IP packet using different paths.

As evident from the above example, protocols that ignore available bandwidth and propagation delay will produce routing paths with sub-optimal end-to-end performance in certain cases. We present a framework that accounts for the bandwidth and propagation delays:  

a) software instruments are used to measure bandwidth and propagation delay on links; 

b) bandwidth and delay estimates are used to determine minimum end-to-end delay paths; and

c) interfaces are provided for applications to route data packets along the computed paths.

Analytical basis for this approach is first provided in [5], where it was shown that measurements are sufficient (with specified) probability to compute the paths with minimum end-to-end delay, irrespective of the delays distributions. It is important to note that it is not necessary to derive delays distributions for providing this type of end-to-end QoS, and one can achieve useful performances based on measurements alone.

We compare the paths chosen by our technique with the best-effort mechanism in an experimental setup of workstations that route data packets using the Internet Protocol. In the experiments, the paths selected by our system based on the measurements indeed have the minimum end-to-end delay. Our method outperformed the best-effort mechanism and in this sense, our results provide an experimental evidence for the analytical results in [5,16]. Furthermore, NetLets installed on nodes of the network, provide an environment for the creation of a virtual network, which can be a  useful tool for applications such as distributed simulation.

2.  Related Research

Research on the end-to-end performance of path selection protocols has received much attention in recent years.  For example, Savage et. al [7] in their Detour system point out various performance problems that the Internet suffers including the inefficiencies both in the routing and transport layer protocols.  Collins [1] also suggests the formation of a virtual network similar to the one proposed in this paper.  There are many differences between our work and the Detour system.  First, the Detour system does not explicitly minimize end-to-end delay between source and destination pairs.  Second, the measurements mechanism suggested by the Detour system involves the use of utilities such as traceroute and ping.  Our measurements (link bandwidth and link propagation delay) are obtained using actual transport layer segments (tcp segments).  That is, the measurements are done using transport layer units that will be normally routed on the network rather than control data packets sent via traceroute and ping programs. This measurement scheme is vital to proving the analytical guarantees of [5], and no such guarantees can be given if only traceroute and ping measurements are used.  Third, unlike the Detour system we do not modify the existing IP layer but direct the IP layer to forward the packets via the other NetLets.


Paxson [9] has developed measurement tools for determining end-to-end delay, packet loss, and actual routing paths on the Internet.  The RFC 2330 [8] examines the framework for measuring IP performance metrics.  Most of this research points out the sensitivity of the measurements with respect to the changes in clock.  For example, in a time synchronized distributed system the one-way link time can be measured by time-stamping a packet before sending and time-stamping it after it reaches the destination.  Since such assumptions are non-plausible in a distributed system, Paxon [9] suggest techniques to adopt to arrive at a reasonably accurate packet delay measurements


IP routing involves designating groups of nodes (routers and hosts) to form an Autonomous System (AS).  The entire system of routers and hosts are grouped into different ASs and communication between any two nodes within an AS is carried out using the Interior Gateway Protocol (IGP).  The Border Gateway Protocol (BGP) treats each AS as a single node and provides the routing protocols between two nodes that are in different ASs.  Both IGP and BGP [2] use the hop count as a performance measure to determine end-to-end path; that is, given two paths between source and destination pairs, a path that has fewer links will be chosen

To transfer messages, there are two basic routing mechanisms: circuit switching (also called pipeline) and packet switching (store-and-forward). When data is delivered via circuit switching, bit streams of data are transferred with fixed rate from a source to a destination without buffering time. Over the packet switched network, entire data is stored at every intermediate node before forwarding to next node. The telephone networks belong to circuit switching, and the IP (Internet Protocol) computer networks belong to store-and-forward. The end-to-end delay of a path P can be computed by the formula T = 
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 / B(P) + D(P) in the circuit switching, where B(P) and D(P) are path-bandwidth and path-delay, respectively. Path-delay D(P) is the sum of all propagation delays of links along the path. Since the circuit switching transfers the data along the route with fixed rate, the minimum bandwidth of link along the path is the path-bandwidth B(P). In the case of packet switching, since incoming data is stored temporarily at each node and then transmitted to outgoing link, transmission time 
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 / B(e) at each node v is required, where e is the outgoing link of v. Thus, for packet switching the path-bandwidth B(P) is 
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, where P is the routing path and e is the link on P [14]. Thus routing mechanism must be considered in computing the optimal end-to-end delay paths.

The quickest path problem is to find a routing path in a network G such that the end-to-end delay time required to send 
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 units of message from a source to a destination is minimum. Chen and Chin [10], Rosen et al [2], Rao and Batsell [4-6], and Bang et. al [11] studied the quickest path problem using the circuit-switching mode. However, since the store-and-forward transfer mode is used to send message in the Internet, classical quickest path algorithm cannot be adapted to IP network. To facilitate the notion of the quickest path to packet switching, we need to apply the idea of classical quickest path to each link to minimize the end-to-end delay of the routing path [14]. In this paper, we take into account bandwidth and propagation delay of links to minimize the end-to-end delay of the path in IP network and compare two methods, minimum number of hops and minimum end-to-end delay taking into account bandwidth and propagation time of links.
3.  Estimation of bandwidth and propagation delay
We measured the bandwidth of a link (a, b) (note that this link can be a virtual link or a link in the given network) using the following steps:

1. Generate various sizes  for a TCP segment at node a;

2. For each size s, construct a number of TCP segments of size s and send them to node b. 

3. Node b upon receiving each TCP segment simply echo’s it back to node a.

4. The round-trip delay is measured for each segment and the average is computed.  The end-to-end delay is the round-trip delay divided by two.  We also measured the one-way segment delay by utilizing the difference in the clocks of machines a and b.  We will discuss this at the end of this section.
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Figure 3: Determination of the end-to-end delay experienced by transport layer segments of various sizes.  Line is fitted through the points using linear regression: equation of line is 
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and the slope is 
[image: image10.wmf]B

1

, where B is the bandwidth.

Once the average end-to-end delay is determined for messages of different sizes, and the linear regression (as suggested in [5,16], where other regression estimation methods were also studied) is applied to determine the line 
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that fits the points as shown in Figure 3.  From this analysis we obtain the effective bandwidth B of the link.  To determine the propagation delay (the time it takes, in seconds for a minimum size message to travel from the output port of node a to the input port of node b) we sent out a minimum size message containing 21 bytes several times and averaged it. 

In the measurements we addressed the issues relating to clock and round-trip time calculation as follows.  It has been observed by several researches the end-to-end time cannot be measured accurately by determining the round-trip time, as the forward and return paths could be different.  One-way packet delay is the time required for a packet to reach the destination and it is measured by comparing the time reported by a clock at the source node and the time it reached the destination node.  If the clocks are not synchronized, knowing the difference in the timings between the two clocks will enable one to determine the correct one-way round trip delay. Yet another issue relates to the time interval and duration during which the measurements are obtained.  All our measurements were carried out at regular intervals of time during 24 hours of a day and results were aggregated.  In order to use the NetLets the measurements have to done at regular intervals and the bandwidths and propagation delays need to be updated from time to time.

4.  NetLets Framework

NetLets provide a software interface that the applications use to route messages via the minimum end-to-end paths (more details can be found in [15]).  Based on the bandwidth B and the propagation delay D of each link in the virtual network, the minimum end-to-end delay path for a message of particular size  is determined by assigning to each link a weight of 
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, and computing the shortest path in the resulting network using one-to-all Dijkstra’s shortest path algorithm [3,14].  Clearly, given any source and a set of messages of sizes 1, 2, …, k we can construct the shortest path trees with respect to each message size and if two trees are the same we can eliminate one of them.  Once the shortest path trees are known, the routing tables are constructed.  We perform this operation for all nodes executing NetLets in the network.

The routing table contains for each destination the next hop IP address of the node containing the NetLets software.  We will assume that all the NetLets software runs on the same port number.  The NetLet after receiving a message from local application sends the datagram packet using the designated port number and the IP address in the routing table.  Of course, we can also establish a TCP connection instead of a UDP connection whenever reliability is an important factor that dictated by the application.  NetLet upon receiving the message determines if the packet is destined for it or for any nodes that it can route directly and performs necessary actions.

5.  Experiments and Results

For the purposes of experimentation we selected a number of nodes in the Internet and constructed two virtual topologies as shown in Figure 4 (a) and Figure 4 (b).

As evident in topology 1 (Figure 4(a)), there are four different paths from source to destination node with minimum number of hops. Using the link weight of (
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/ B + D) one each link, the minimum end-to-end delay path from source L to the destination N is 
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, are paths with minimum number of hops. For topology 2 (Figure 4(b)), paths with minimum number of hops are 
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 where I and N are source and destination, respectively. The minimum delay path is 
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 which is also has a minimum number of hops.
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Figure 4(a): Virtual topology 1 containing six nodes with bandwidth in bytes per second and propagation delay in seconds indicated on the links.
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Figure 4(b): Virtual topology 2 containing six nodes with bandwidth in bytes per second and propagation delay in seconds indicated on the links.

With respect to topology 1, Figure 5(a) represents the observed end-to-end delay for paths (from source to destination) computed by sending messages of different sizes, and Figure 5(b) shows end-to-end delay obtained by summation of the link weights on each of the paths. Even though the observed end-to-end delay is different in magnitude from the calculated end-to-end delay, the two methods have chosen the same path from the source to the destination as the minimum end-to-end delay path. It is an important observation, since it shows that a complete traffic characterization is not necessary to compute paths with end-to-end delay guarantees as is analytically shown in [5,16]. The differences between the times are attributed to the intermediate node delays. For topology 2, Figure 6(a) and Figure 6(b) represent the observed and computed end-to-end delay, respectively.  Again, while the computed and observed delays are different, both methods have chosen the same minimum end-to-end delay path.  
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Figure 5(a): For virtual topology 1 this graph contains the observed end-to-end delay for various paths from source to destination.


[image: image26.wmf]Comparison of End-to-End Delay (Topology 1)

0

500000

1000000

1500000

2000000

0

2000

4000

6000

8000

10000

12000

Message Size (Byte)

End-to-End Delay (micro 

second)

LJTN

LITN

LJVN

LIVN


Figure 5(b): For virtual topology 1 this graph contains the calculated end-to-end delay for various paths from source to destination.
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Figure 6(a): For virtual topology 2 this graph contains the observed end-to-end delay for various paths from source to destination.
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Figure 6(b): For virtual topology 2 this graph contains the calculated end-to-end delay for various paths from source to destination.
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Figure 7: Comparison of observed (actual) and computed end-to-end delay of the path LJTN in topology 1.

In Figure 7 we show the observed and computed end-to-end delay. While there are clear differences in delay times, the path chosen by computation and experimentation are exactly the same minimum end-to-end delay path.

6.  Conclusion

We presented experimental results on the performances of the routing paths, comparing the minimum hops method with our method that computes minimum end-to-end delay paths from a source to a destination based on measurements. Our results showed that the minimum delay path computed based on the estimated bandwidth and delays outperformed the path with minimum number of hops. This is because the end-to-end delay relies on message size, propagation delay, and bandwidth. We also proposed a software framework based on NetLets that can be used for routing with guaranteed performance.

Future work could involve utilizing other regression estimation methods such as Nadaraya-Watson estimator, and feedforward sigmoidal network, which were analytically validated in [5,16]. Also, in terms of experimentation, NetLets were used in [15] for realizing two-paths between nodes that are geographically separated by thousands of miles. Our system can be expanded to incorporate more nodes and also the nodes that are more widely distributed over the Internet. NetLets are complementary and upward-compatible with QoS mechanisms such as MPLS, DiffServe, and IntServe. It would be interesting to see if existing NetLets can be enhanced to exploit these mechanisms to provide end-to-end performance beyond what is possible in current IP networks. Also, active networks can be exploited to provide more information to the NetLets by attaching measurement code to messages.
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		3000		0.4106213716		0.4387957853		0.5348858987		0.586000215				3000		0.2524419391		0.3767084654		0.5769810874

		4000		0.5469968288		0.5839333804		0.7121051972		0.780808362				4000		0.3361189188		0.5012292872		0.7687557832

		5000		0.683372286		0.7290709755		0.8893244965		0.9756167025				5000		0.4197958985		0.625750109		0.960530479

		6000		0.8197477432		0.8742085706		1.066543796		1.1704255043				6000		0.5034728782		0.7502709308		1.152305175

		7000		0.9561232004		1.019346166		1.243763095		1.365233384				7000		0.5871498579		0.8747917526		1.344079871

		8000		1.092498658		1.164483761		1.420982394		1.560041752				8000		0.6708268376		0.9993125744		1.535854567

		9000		1.228874115		1.309621356		1.598201693		1.754850066				9000		0.7545038173		1.123833396		1.727629236

		10000		1.365249572		1.454758951		1.775420992		1.949658407				10000		0.838180797		1.248354218		1.919403959

		source		destination		link-band		link-delay

		lincoln		nimitz		11301.085558		0.000568

				teddy		11433.671213		0.000585

				vinson		9369.095724		0.000594

				jfk		13612.480334		0.00052

				intrepid		12502.149285		0.000536

		nimitz		lincoln		14692.026204		0.00065

				teddy		24120.289574		0.000585

				vinson		17094.318731		0.000794

				jfk		35345.372253		0.000536

				intrepid		33292.658765		0.000487

		teddy		lincoln		15168.364629		0.000503

				vinson		23610.992122		0.000617

				nimitz		27997.42486		0.000585

				jfk		35989.326983		0.001007

				intrepid		34974.611311		0.000503

		vinson		lincoln		11418.402319		0.000618

				nimitz		15998.831427		0.000601

				teddy		17239.099367		0.000487

				jfk		15894.307066		0.000503

				intrepid		16546.204531		0.00052

		jfk		lincoln		14398.704187		0.000454

				nimitz		36343.640562		0.000373

				teddy		36770.263646		0.00039

				vinson		24240.816196		0.002107

				intrepid		49275.080797		0.000309

		intrepid		lincoln		14578.076888		0.000487

				nimitz		37170.709481		0.000406

				teddy		33974.572206		0.002262

				vinson		19114.052809		0.000438

				jfk		48161.391985		0.000438
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Sheet1

		Topology 1												Topology 2

				Source						Destination

		Path 1		lincoln		jfk		teddy		nimitz				Path 1		intrepid		jfk		teddy		nimitz

		Path 2		lincoln		intrepid		teddy		nimitz				Path 2		intrepid		jfk		vinson		nimitz

		Path 3		lincoln		jfk		vinson		nimitz				Path 3		intrepid		lincoln		teddy		nimitz

		Path 4		lincoln		intrepid		vinson		nimitz

		Simulation

		Message		Path 1		Path 2		Path 3		Path 4				Message		Path 1		Path 2		Path 3

		1000		71003		71030		73061		76343				1000		81362		87068		99644

		2000		134967		135978		137952		144635				2000		135702		159647		162954

		3000		207317		212149		217077		249839				3000		178492		194042		232492

		4000		263456		272404		291189		320002				4000		232408		240330		303997

		5000		318918		325184		328259		343988				5000		303921		329387		382910

		6000		393929		395227		399735		415993				6000		411264		433893		498294

		7000		445801		454736		460752		461467				7000		482138		517021		580551

		8000		504672		505004		510800		518943				8000		558693		584755		662886

		9000		567371		574472		582256		592609				9000		619827		671696		759893

		10000		663619		693006		745812		764656				10000		661671		682283		822929

		Calculation

		Message		Path 1		Path 2		Path 3		Path 4				Message		Path 1		Path 2		Path 3

		1000		0.1378704572		0.1485205951		0.1804472993		0.1963833405				1000		0.0850879797		0.1276668218		0.1934316958

		2000		0.2742459144		0.2936581902		0.3576665986		0.391191681				2000		0.1687649594		0.2521876436		0.3852063916

		3000		0.4106213716		0.4387957853		0.5348858987		0.586000215				3000		0.2524419391		0.3767084654		0.5769810874

		4000		0.5469968288		0.5839333804		0.7121051972		0.780808362				4000		0.3361189188		0.5012292872		0.7687557832

		5000		0.683372286		0.7290709755		0.8893244965		0.9756167025				5000		0.4197958985		0.625750109		0.960530479

		6000		0.8197477432		0.8742085706		1.066543796		1.1704255043				6000		0.5034728782		0.7502709308		1.152305175

		7000		0.9561232004		1.019346166		1.243763095		1.365233384				7000		0.5871498579		0.8747917526		1.344079871

		8000		1.092498658		1.164483761		1.420982394		1.560041752				8000		0.6708268376		0.9993125744		1.535854567

		9000		1.228874115		1.309621356		1.598201693		1.754850066				9000		0.7545038173		1.123833396		1.727629236

		10000		1.365249572		1.454758951		1.775420992		1.949658407				10000		0.838180797		1.248354218		1.919403959

		source		destination		link-band		link-delay

		lincoln		nimitz		11301.085558		0.000568

				teddy		11433.671213		0.000585

				vinson		9369.095724		0.000594

				jfk		13612.480334		0.00052

				intrepid		12502.149285		0.000536

		nimitz		lincoln		14692.026204		0.00065

				teddy		24120.289574		0.000585

				vinson		17094.318731		0.000794

				jfk		35345.372253		0.000536

				intrepid		33292.658765		0.000487

		teddy		lincoln		15168.364629		0.000503

				vinson		23610.992122		0.000617

				nimitz		27997.42486		0.000585

				jfk		35989.326983		0.001007

				intrepid		34974.611311		0.000503

		vinson		lincoln		11418.402319		0.000618

				nimitz		15998.831427		0.000601

				teddy		17239.099367		0.000487

				jfk		15894.307066		0.000503

				intrepid		16546.204531		0.00052

		jfk		lincoln		14398.704187		0.000454

				nimitz		36343.640562		0.000373

				teddy		36770.263646		0.00039

				vinson		24240.816196		0.002107

				intrepid		49275.080797		0.000309

		intrepid		lincoln		14578.076888		0.000487

				nimitz		37170.709481		0.000406

				teddy		33974.572206		0.002262

				vinson		19114.052809		0.000438

				jfk		48161.391985		0.000438
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Sheet1

		Topology 1												Topology 2

				Source						Destination

		Path 1		lincoln		jfk		teddy		nimitz				Path 1		intrepid		jfk		teddy		nimitz

		Path 2		lincoln		intrepid		teddy		nimitz				Path 2		intrepid		jfk		vinson		nimitz

		Path 3		lincoln		jfk		vinson		nimitz				Path 3		intrepid		lincoln		teddy		nimitz

		Path 4		lincoln		intrepid		vinson		nimitz

		Simulation

		Message		Path 1		Path 2		Path 3		Path 4				Message		Path 1		Path 2		Path 3

		1000		71003		71030		73061		76343				1000		81362		87068		99644

		2000		134967		135978		137952		144635				2000		135702		159647		162954

		3000		207317		212149		217077		249839				3000		178492		194042		232492

		4000		263456		272404		291189		320002				4000		232408		240330		303997

		5000		318918		325184		328259		343988				5000		303921		329387		382910

		6000		393929		395227		399735		415993				6000		411264		433893		498294

		7000		445801		454736		460752		461467				7000		482138		517021		580551

		8000		504672		505004		510800		518943				8000		558693		584755		662886

		9000		567371		574472		582256		592609				9000		619827		671696		759893

		10000		663619		693006		745812		764656				10000		661671		682283		822929

		Calculation

		Message		Path 1		Path 2		Path 3		Path 4				Message		Path 1		Path 2		Path 3

		1000		0.1378704572		0.1485205951		0.1804472993		0.1963833405				1000		0.0850879797		0.1276668218		0.1934316958

		2000		0.2742459144		0.2936581902		0.3576665986		0.391191681				2000		0.1687649594		0.2521876436		0.3852063916

		3000		0.4106213716		0.4387957853		0.5348858987		0.586000215				3000		0.2524419391		0.3767084654		0.5769810874

		4000		0.5469968288		0.5839333804		0.7121051972		0.780808362				4000		0.3361189188		0.5012292872		0.7687557832

		5000		0.683372286		0.7290709755		0.8893244965		0.9756167025				5000		0.4197958985		0.625750109		0.960530479

		6000		0.8197477432		0.8742085706		1.066543796		1.1704255043				6000		0.5034728782		0.7502709308		1.152305175

		7000		0.9561232004		1.019346166		1.243763095		1.365233384				7000		0.5871498579		0.8747917526		1.344079871

		8000		1.092498658		1.164483761		1.420982394		1.560041752				8000		0.6708268376		0.9993125744		1.535854567

		9000		1.228874115		1.309621356		1.598201693		1.754850066				9000		0.7545038173		1.123833396		1.727629236

		10000		1.365249572		1.454758951		1.775420992		1.949658407				10000		0.838180797		1.248354218		1.919403959

		source		destination		link-band		link-delay

		lincoln		nimitz		11301.085558		0.000568

				teddy		11433.671213		0.000585

				vinson		9369.095724		0.000594

				jfk		13612.480334		0.00052

				intrepid		12502.149285		0.000536

		nimitz		lincoln		14692.026204		0.00065

				teddy		24120.289574		0.000585

				vinson		17094.318731		0.000794

				jfk		35345.372253		0.000536

				intrepid		33292.658765		0.000487

		teddy		lincoln		15168.364629		0.000503

				vinson		23610.992122		0.000617

				nimitz		27997.42486		0.000585

				jfk		35989.326983		0.001007

				intrepid		34974.611311		0.000503

		vinson		lincoln		11418.402319		0.000618

				nimitz		15998.831427		0.000601

				teddy		17239.099367		0.000487

				jfk		15894.307066		0.000503

				intrepid		16546.204531		0.00052

		jfk		lincoln		14398.704187		0.000454

				nimitz		36343.640562		0.000373

				teddy		36770.263646		0.00039

				vinson		24240.816196		0.002107

				intrepid		49275.080797		0.000309

		intrepid		lincoln		14578.076888		0.000487

				nimitz		37170.709481		0.000406

				teddy		33974.572206		0.002262

				vinson		19114.052809		0.000438

				jfk		48161.391985		0.000438
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		Path 1		lincoln		jfk		teddy		nimitz				Path 1		intrepid		jfk		teddy		nimitz

		Path 2		lincoln		intrepid		teddy		nimitz				Path 2		intrepid		jfk		vinson		nimitz

		Path 3		lincoln		jfk		vinson		nimitz				Path 3		intrepid		lincoln		teddy		nimitz

		Path 4		lincoln		intrepid		vinson		nimitz

		Simulation

		Message		Path 1		Path 2		Path 3		Path 4				Message		Path 1		Path 2		Path 3

		1000		71003		71030		73061		76343				1000		81362		87068		99644

		2000		134967		135978		137952		144635				2000		135702		159647		162954

		3000		207317		212149		217077		249839				3000		178492		194042		232492

		4000		263456		272404		291189		320002				4000		232408		240330		303997

		5000		318918		325184		328259		343988				5000		303921		329387		382910

		6000		393929		395227		399735		415993				6000		411264		433893		498294

		7000		445801		454736		460752		461467				7000		482138		517021		580551

		8000		504672		505004		510800		518943				8000		558693		584755		662886
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		3000		0.4106213716		0.4387957853		0.5348858987		0.586000215				3000		0.2524419391		0.3767084654		0.5769810874
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		10000		1.365249572		1.454758951		1.775420992		1.949658407				10000		0.838180797		1.248354218		1.919403959
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		Simulation
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		Calculation

		Message		Path 1		Path 2		Path 3		Path 4				Message		Path 1		Path 2		Path 3

		1000		137871		148521		180448		196384				1000		85088		127667		193432

		2000		274246		293659		357667		391192				2000		168765		252188		385207

		3000		410622		438796		534886		586001				3000		252442		376709		576982

		4000		546997		583934		712106		780809				4000		336119		501230		768756

		5000		683373		729071		889325		975617				5000		419796		625751		960531

		6000		819748		874209		1066544		1170426				6000		503473		750271		1152306

		7000		956124		1019347		1243764		1365234				7000		587150		874792		1344080

		8000		1092499		1164484		1420983		1560042				8000		670827		999313		1535855

		9000		1228875		1309622		1598202		1754851				9000		754504		1123834		1727630

		10000		1365250		1454759		1775421		1949659				10000		838181		1248355		1919404
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