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A Shortcoming

When the ACK is in propagation — current segment is decoded

No new useful data is transmitted
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Is It a Serious Problem?

Segment size cannot be too large

Encoding and decoding complexity 

Large segment size implies long decoding delay

A few dozens in practice

Network scales up

Long time wasted in transmitting ACKs

Throughput degrades
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Throughput Degrades
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Contributions

Transmit multiple data segments simultaneously 

Estimate the right number of segments for any data flow 

Use small packet size to increase throughput

Higher throughput in large networks 
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Why Multiple Segments in Transmitting?

Benefits

Transmitting new segments during ACK propagation

Network is fully utilized at any time
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Throughput Increases
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Fig. 7. The number of received innovative coded packets at the destination
over time. The throughput gain of CodeOR to MORE is 2.8276 in this flow.
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Fig. 8. (a) CDF of throughput. The median throughput gain of CodeOR
to MORE is 2.2325. About 80% of the flows achieve throughput above 50
pkt/s in CodeOR, compared with less than 20% of the flows in MORE. (b)
Throughput ratio of CodeOR to MORE vs. number of hops on the shortest
path. The median of throughput gain is shown in the figure. (c) CDF of the
number of data packet transmissions. The median of CodeOR is 1.1435 of
MORE.

as the average number of received innovative coded packets

per second, over 20 seconds at the destination. The window

size again is set to 5. We observe that CodeOR achieves

significantly higher throughput than MORE.

To further study the CodeOR performance gain, in Fig. 8(b),

we organize all flow throughputs by their path lengths, the

number of hops on the shortest path between their source

and destination. We observe that the throughput ratio between

CodeOR and MORE increases nearly linearly with the path

length, which is justified by the fact that the delay-bandwidth

product of a multi-path increases with the path length, so

the stop-and-wait paradigm of MORE becomes increasingly

inefficient. In contrast, CodeOR utilizes all network resource

as long as the window size is large enough to allow sufficient

data to be transmitted into the pipeline of the delay-bandwidth

product.
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Fig. 9. Forwarding nodes and the multi-path sub-topologies in data
transmissions. The source and the destination are (a) nodes 51 and 88 (b)
nodes 51 and 91, where node 51 and 91 are in the southwest and northeast
corner, respectively.

Finally, Fig. 8(c) compares the number of data transmissions

by these two protocols. We observe that CodeOR induces only

slightly more data transmissions. Therefore, the throughput

gain of CodeOR comes relatively “free” without introducing

too many more transmissions.

C. Effect of Window Size

We first study the impact of a static window size on

throughput. We consider two typical cases: the short and long

paths, where the source and the destination are nodes 51 and

88, and nodes 51 and 91, respectively. The forwarding nodes

and the sub-topologies to transmit data are illustrated in Fig. 9

for these two cases. From Fig. 10(a), we observe that for the

long path, the network throughput increases significantly until

the window size reaches 5 or 6. Hence, CodeOR does not fully

utilize all multi-path network resource between the source and

destination when the window size is small. For the short path,

CodeOR starts to utilize all network resource when the window

size reaches 2. Then, the network throughput does not increase

further with a window size larger than 2 because the multi-path

topology between this pair of source and destination allows

only 2 segments in transmission, so that the extra data from a

larger sending window are merely buffered in the network.

In Fig. 10(b), we show the buffer usage with different

window sizes for the long path. We omit similar results

observed for the short path. This figure shows that the buffer

usage when the window size is 12 is significantly larger than

when the window size is 6. Such observation motivates the

integration of an algorithm to detect the proper window size

in CodeOR.

We next evaluate the adaptive window estimation algorithm

described in Sec. V-B. We trace the dynamics of the window

size in Fig. 10(c). We observe that in the slow-start stage,

the window size doubles every other segment decoding time

(defined in Sec. V-B). Afterwards, CodeOR enters the stage

of congestion avoidance, and maintains the same window size

or adjusts it only slightly. Overall, CodeOR reaches the stable

window size consistent with the value observed in Fig. 10(a),

and in a timely fashion. We note that the window sizes

are sampled whenever they change and for every segment

decoding time. Hence, the short path has more frequent

samples than the long path because its segment decoding time

is shorter. Finally, we remark that it is not necessary that the

5 hops — 1.5 times

18 hops — 3.5 times
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Two Implementation Challenges

When to move to transmission of the next segment?

How many segments shall we transmit simultaneously?
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Moving Towards the Next Segment

When to move to the next segment?

Move to next if downstream nodes receive sufficient data
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Different downstream nodes have different rates

Lower rate—later time to receive all data in a segment
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Moving Towards the Next Segment

Move if all downstream nodes receive all data in this segment

Wait for the slowest node—might be too late

Move if one downstream node receives all data in this segment

Might degrade to single-path routing

Move if downstream nodes

Receive data in proportion to their data rate

The node with highest rate receives all data

Local heuristic, not globally optimal
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What is the Best Number of Segments?

A fixed number cannot handle different data flows

Too small  not sufficient data in network, throughput suffers

Too large  too much data in network, buffer overflow
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Probe the Number of Segments

Utilize the idea of TCP flow control

Adjust the number based on end-to-end feedback
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Smaller Packet Sizes—Higher Throughput

Minimum transmission unit is symbol instead of packet

Given constant symbol errors

Smaller packet sizes — lower packet loss rate

But higher proportion of overhead
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Concluding Remarks

Allow multiple segments in transmitting at the same time

Use small packet size to increase throughput

Higher throughput in large-scale networks

5 hops — 1.5 times

18 hops — 3.5 times

Future work

Global optimal algorithm
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