
0.0 1.33E-01 0.0 8.16E-01 0.0 2.33E-01

0.0 1.33E-01 0.0 8.16E-01 0.0 2.33E-01

1.0 2.46E-01 1.0 8.29E-01 1.0 3.56E-01

2.0 3.05E-01 2.0 8.31E-01 2.0 4.56E-01

3.0 3.52E-01 3.0 8.33E-01 3.0 5.48E-01

4.0 3.73E-01 4.0 8.33E-01 4.0 6.24E-01

6.0 3.86E-01 5.0 8.33E-01 5.0 6.92E-01

11.0 3.98E-01 6.0 8.33E-01 6.0 7.51E-01

15.0 4.10E-01 8.0 8.33E-01 7.0 8.00E-01

18.0 4.21E-01 9.0 8.33E-01 8.0 8.45E-01

21.0 4.36E-01 11.0 8.33E-01 9.0 8.78E-01

23.0 4.46E-01 12.0 8.33E-01 10.0 9.04E-01

25.0 4.57E-01 13.0 8.33E-01 11.0 9.26E-01

27.0 4.68E-01 14.0 8.33E-01 12.0 9.41E-01

29.0 4.78E-01 15.0 8.33E-01 13.0 9.53E-01

31.0 4.89E-01 16.0 8.33E-01 14.0 9.62E-01

33.0 5.00E-01 17.0 8.34E-01 15.0 9.71E-01

35.0 5.10E-01 19.0 8.34E-01 16.0 9.76E-01

38.0 5.24E-01 21.0 8.34E-01 17.0 9.81E-01

41.0 5.38E-01 23.0 8.34E-01 18.0 9.85E-01

44.0 5.51E-01 31.0 8.34E-01 19.0 9.87E-01

47.0 5.64E-01 32.0 8.34E-01 20.0 9.90E-01

50.0 5.79E-01 33.0 8.34E-01 21.0 9.91E-01

52.0 5.89E-01 34.0 8.34E-01 22.0 9.92E-01

54.0 6.00E-01 35.0 8.34E-01 23.0 9.93E-01

56.0 6.11E-01 36.0 8.34E-01 24.0 9.93E-01

58.0 6.24E-01 37.0 8.34E-01 25.0 9.94E-01

60.0 6.36E-01 38.0 8.34E-01 26.0 9.95E-01

62.0 6.48E-01 41.0 8.34E-01 27.0 9.96E-01

64.0 6.61E-01 42.0 8.34E-01 28.0 9.96E-01

66.0 6.73E-01 43.0 8.34E-01 29.0 9.96E-01

68.0 6.84E-01 44.0 8.34E-01 30.0 9.97E-01

70.0 6.96E-01 45.0 8.34E-01 31.0 9.97E-01

72.0 7.08E-01 46.0 8.34E-01 32.0 9.98E-01

74.0 7.21E-01 47.0 8.34E-01 33.0 9.98E-01

76.0 7.33E-01 48.0 8.34E-01 34.0 9.98E-01

78.0 7.43E-01 49.0 8.35E-01 35.0 9.98E-01

80.0 7.55E-01 50.0 8.35E-01 36.0 9.99E-01

82.0 7.66E-01 51.0 8.35E-01 37.0 9.99E-01

84.0 7.77E-01 52.0 8.35E-01 38.0 9.99E-01

86.0 7.87E-01 53.0 8.35E-01 39.0 9.99E-01

89.0 8.01E-01 54.0 8.36E-01 42.0 9.99E-01

92.0 8.14E-01 55.0 8.36E-01 43.0 9.99E-01

95.0 8.26E-01 56.0 8.37E-01 46.0 9.99E-01

98.0 8.37E-01 57.0 8.38E-01 47.0 9.99E-01

101.0 8.48E-01 58.0 8.38E-01 48.0 9.99E-01

104.0 8.58E-01 59.0 8.39E-01 51.0 1.00E+00

108.0 8.71E-01 60.0 8.40E-01 52.0 1.00E+00

112.0 8.83E-01 61.0 8.42E-01 55.0 1.00E+00

116.0 8.95E-01 62.0 8.43E-01 71.0 1.00E+00

120.0 9.06E-01 63.0 8.44E-01 71.0 1.00E+00

124.0 9.17E-01 64.0 8.46E-01

129.0 9.28E-01 65.0 8.48E-01

134.0 9.38E-01 66.0 8.50E-01

140.0 9.47E-01 67.0 8.51E-01

146.0 9.52E-01 68.0 8.53E-01

152.0 9.57E-01 69.0 8.56E-01

158.0 9.59E-01 70.0 8.58E-01

164.0 9.61E-01 71.0 8.60E-01

170.0 9.62E-01 72.0 8.62E-01

176.0 9.62E-01 73.0 8.65E-01

182.0 9.63E-01 74.0 8.68E-01

188.0 9.64E-01 75.0 8.70E-01

194.0 9.65E-01 76.0 8.73E-01

200.0 9.65E-01 77.0 8.76E-01

206.0 9.66E-01 78.0 8.79E-01

212.0 9.67E-01 79.0 8.81E-01

218.0 9.67E-01 80.0 8.83E-01

224.0 9.68E-01 81.0 8.86E-01

230.0 9.69E-01 82.0 8.88E-01

236.0 9.69E-01 83.0 8.90E-01

242.0 9.70E-01 84.0 8.93E-01

248.0 9.70E-01 85.0 8.94E-01

254.0 9.71E-01 86.0 8.96E-01

260.0 9.71E-01 87.0 8.98E-01

266.0 9.72E-01 88.0 9.00E-01

272.0 9.72E-01 89.0 9.02E-01

278.0 9.73E-01 90.0 9.03E-01

284.0 9.73E-01 91.0 9.05E-01

290.0 9.73E-01 92.0 9.06E-01

296.0 9.74E-01 93.0 9.08E-01

302.0 9.74E-01 94.0 9.09E-01

308.0 9.75E-01 95.0 9.11E-01

314.0 9.75E-01 96.0 9.11E-01

320.0 9.76E-01 97.0 9.13E-01

326.0 9.76E-01 98.0 9.13E-01

332.0 9.77E-01 99.0 9.14E-01

338.0 9.77E-01 100.0 9.15E-01

344.0 9.77E-01 101.0 9.16E-01

350.0 9.78E-01 102.0 9.16E-01

356.0 9.78E-01 103.0 9.17E-01

362.0 9.78E-01 104.0 9.18E-01

368.0 9.79E-01 105.0 9.18E-01

374.0 9.79E-01 106.0 9.19E-01

380.0 9.79E-01 107.0 9.19E-01

386.0 9.80E-01 108.0 9.20E-01

392.0 9.80E-01 109.0 9.20E-01

398.0 9.80E-01 110.0 9.21E-01

404.0 9.81E-01 111.0 9.21E-01

410.0 9.81E-01 112.0 9.22E-01

416.0 9.81E-01 113.0 9.23E-01

422.0 9.81E-01 114.0 9.23E-01

428.0 9.82E-01 115.0 9.24E-01

434.0 9.82E-01 116.0 9.25E-01

440.0 9.82E-01 117.0 9.26E-01

446.0 9.82E-01 118.0 9.27E-01

452.0 9.83E-01 119.0 9.27E-01

458.0 9.83E-01 120.0 9.28E-01

464.0 9.83E-01 121.0 9.29E-01

470.0 9.83E-01 122.0 9.31E-01

476.0 9.83E-01 123.0 9.32E-01

482.0 9.84E-01 124.0 9.33E-01

488.0 9.84E-01 125.0 9.34E-01

495.0 9.84E-01 126.0 9.36E-01

501.0 9.84E-01 127.0 9.37E-01

507.0 9.84E-01 128.0 9.39E-01

513.0 9.84E-01 129.0 9.41E-01

521.0 9.84E-01 130.0 9.43E-01

528.0 9.85E-01 131.0 9.44E-01

534.0 9.85E-01 132.0 9.46E-01

541.0 9.85E-01 133.0 9.48E-01

548.0 9.85E-01 134.0 9.50E-01

556.0 9.85E-01 135.0 9.52E-01

562.0 9.85E-01 136.0 9.54E-01

568.0 9.85E-01 137.0 9.56E-01

574.0 9.85E-01 138.0 9.58E-01

582.0 9.86E-01 139.0 9.60E-01

589.0 9.86E-01 140.0 9.62E-01

596.0 9.86E-01 141.0 9.64E-01

602.0 9.86E-01 142.0 9.66E-01

608.0 9.86E-01 143.0 9.68E-01

615.0 9.86E-01 144.0 9.70E-01

621.0 9.86E-01 145.0 9.72E-01

628.0 9.86E-01 146.0 9.74E-01

635.0 9.87E-01 147.0 9.75E-01

641.0 9.87E-01 148.0 9.77E-01

651.0 9.87E-01 149.0 9.78E-01

658.0 9.87E-01 150.0 9.80E-01

666.0 9.87E-01 151.0 9.82E-01

672.0 9.87E-01 152.0 9.83E-01

680.0 9.87E-01 153.0 9.84E-01

686.0 9.87E-01 154.0 9.85E-01

692.0 9.87E-01 155.0 9.87E-01

699.0 9.88E-01 156.0 9.88E-01

707.0 9.88E-01 157.0 9.89E-01

716.0 9.88E-01 158.0 9.90E-01

722.0 9.88E-01 159.0 9.91E-01

730.0 9.88E-01 160.0 9.92E-01

738.0 9.88E-01 161.0 9.92E-01

745.0 9.88E-01 162.0 9.93E-01

755.0 9.88E-01 163.0 9.94E-01

763.0 9.88E-01 164.0 9.95E-01

772.0 9.88E-01 165.0 9.95E-01

778.0 9.88E-01 166.0 9.96E-01

785.0 9.88E-01 167.0 9.96E-01

792.0 9.89E-01 168.0 9.96E-01

798.0 9.89E-01 169.0 9.97E-01

808.0 9.89E-01 170.0 9.97E-01

814.0 9.89E-01 171.0 9.97E-01

820.0 9.89E-01 172.0 9.97E-01

826.0 9.89E-01 173.0 9.97E-01

832.0 9.89E-01 174.0 9.98E-01

838.0 9.89E-01 175.0 9.98E-01

844.0 9.89E-01 176.0 9.98E-01

852.0 9.89E-01 177.0 9.98E-01

859.0 9.89E-01 178.0 9.98E-01

865.0 9.89E-01 179.0 9.98E-01

873.0 9.89E-01 180.0 9.98E-01

879.0 9.90E-01 181.0 9.98E-01

885.0 9.90E-01 182.0 9.98E-01

891.0 9.90E-01 183.0 9.98E-01

898.0 9.90E-01 184.0 9.98E-01

904.0 9.90E-01 185.0 9.98E-01

918.0 9.90E-01 187.0 9.98E-01

924.0 9.90E-01 188.0 9.98E-01

934.0 9.90E-01 189.0 9.98E-01

941.0 9.90E-01 190.0 9.98E-01

947.0 9.90E-01 191.0 9.98E-01

955.0 9.90E-01 192.0 9.99E-01

961.0 9.90E-01 193.0 9.99E-01

967.0 9.90E-01 194.0 9.99E-01

976.0 9.90E-01 195.0 9.99E-01

982.0 9.91E-01 196.0 9.99E-01

990.0 9.91E-01 197.0 9.99E-01

996.0 9.91E-01 198.0 9.99E-01

1002.0 9.91E-01 202.0 9.99E-01

1008.0 9.91E-01 203.0 9.99E-01

1014.0 9.91E-01 204.0 9.99E-01

1020.0 9.91E-01 205.0 9.99E-01

1027.0 9.91E-01 206.0 9.99E-01

1034.0 9.91E-01 207.0 9.99E-01

1042.0 9.91E-01 209.0 9.99E-01

1052.0 9.91E-01 210.0 9.99E-01

1060.0 9.91E-01 211.0 9.99E-01

1070.0 9.91E-01 212.0 9.99E-01

1081.0 9.91E-01 214.0 9.99E-01

1092.0 9.91E-01 225.0 9.99E-01

1099.0 9.91E-01 227.0 9.99E-01

1107.0 9.91E-01 228.0 9.99E-01

1113.0 9.92E-01 231.0 9.99E-01

1120.0 9.92E-01 232.0 9.99E-01

1131.0 9.92E-01 233.0 9.99E-01

1142.0 9.92E-01 234.0 9.99E-01

1148.0 9.92E-01 236.0 9.99E-01

1154.0 9.92E-01 237.0 9.99E-01

1162.0 9.92E-01 241.0 9.99E-01

1173.0 9.92E-01 244.0 9.99E-01

1182.0 9.92E-01 246.0 9.99E-01

1190.0 9.92E-01 248.0 9.99E-01

1201.0 9.92E-01 250.0 9.99E-01

1207.0 9.92E-01 252.0 9.99E-01

1215.0 9.92E-01 253.0 9.99E-01

1221.0 9.92E-01 254.0 9.99E-01

1228.0 9.92E-01 256.0 9.99E-01

1234.0 9.92E-01 257.0 9.99E-01

1240.0 9.92E-01 258.0 9.99E-01

1246.0 9.92E-01 259.0 9.99E-01

1256.0 9.92E-01 262.0 9.99E-01

1262.0 9.92E-01 263.0 9.99E-01

1268.0 9.93E-01 267.0 9.99E-01

1275.0 9.93E-01 268.0 9.99E-01

1281.0 9.93E-01 272.0 9.99E-01

1288.0 9.93E-01 274.0 9.99E-01

1294.0 9.93E-01 275.0 9.99E-01

1301.0 9.93E-01 277.0 9.99E-01

1307.0 9.93E-01 278.0 9.99E-01

1314.0 9.93E-01 279.0 9.99E-01

1320.0 9.93E-01 283.0 9.99E-01

1326.0 9.93E-01 285.0 9.99E-01

1332.0 9.93E-01 286.0 9.99E-01

1338.0 9.94E-01 287.0 9.99E-01

1344.0 9.94E-01 289.0 9.99E-01

1350.0 9.94E-01 291.0 9.99E-01

1356.0 9.94E-01 294.0 9.99E-01

1364.0 9.94E-01 295.0 9.99E-01

1370.0 9.94E-01 299.0 9.99E-01

1378.0 9.94E-01 300.0 9.99E-01

1384.0 9.94E-01 302.0 9.99E-01

1395.0 9.94E-01 306.0 9.99E-01

1401.0 9.94E-01 307.0 9.99E-01

1411.0 9.94E-01 309.0 1.00E+00

1417.0 9.95E-01 313.0 1.00E+00

1424.0 9.95E-01 316.0 1.00E+00

1432.0 9.95E-01 320.0 1.00E+00

1442.0 9.95E-01 325.0 1.00E+00

1449.0 9.95E-01 330.0 1.00E+00

1455.0 9.95E-01 333.0 1.00E+00

1461.0 9.95E-01 334.0 1.00E+00

1468.0 9.95E-01 335.0 1.00E+00

1474.0 9.95E-01 336.0 1.00E+00

1484.0 9.95E-01 341.0 1.00E+00

1492.0 9.95E-01 344.0 1.00E+00

1499.0 9.96E-01 346.0 1.00E+00

1510.0 9.96E-01 358.0 1.00E+00

1517.0 9.96E-01 365.0 1.00E+00

1524.0 9.96E-01 368.0 1.00E+00

1533.0 9.96E-01 369.0 1.00E+00

1539.0 9.96E-01 390.0 1.00E+00

1547.0 9.96E-01 393.0 1.00E+00

1553.0 9.96E-01 411.0 1.00E+00

1559.0 9.96E-01 422.0 1.00E+00

1565.0 9.96E-01 423.0 1.00E+00

1571.0 9.96E-01 449.0 1.00E+00

1577.0 9.97E-01 459.0 1.00E+00

1585.0 9.97E-01 462.0 1.00E+00

1592.0 9.97E-01 499.0 1.00E+00

1599.0 9.97E-01 505.0 1.00E+00

1605.0 9.97E-01 510.0 1.00E+00

1617.0 9.97E-01 545.0 1.00E+00

1626.0 9.97E-01 559.0 1.00E+00

1641.0 9.97E-01 593.0 1.00E+00

1647.0 9.97E-01 619.0 1.00E+00

1657.0 9.97E-01 644.0 1.00E+00

1664.0 9.97E-01 788.0 1.00E+00

1672.0 9.97E-01 828.0 1.00E+00

1683.0 9.97E-01 853.0 1.00E+00

1692.0 9.97E-01 935.0 1.00E+00

1699.0 9.97E-01 941.0 1.00E+00

1709.0 9.97E-01 1018.0 1.00E+00

1715.0 9.97E-01 1263.0 1.00E+00

1727.0 9.97E-01 1306.0 1.00E+00

1733.0 9.97E-01 1373.0 1.00E+00

1739.0 9.98E-01 1373.0 1.00E+00

1749.0 9.98E-01

1757.0 9.98E-01

1763.0 9.98E-01

1771.0 9.98E-01

1784.0 9.98E-01

1791.0 9.98E-01

1801.0 9.98E-01

1817.0 9.98E-01

1836.0 9.98E-01

1848.0 9.98E-01

1859.0 9.98E-01

1870.0 9.98E-01

1885.0 9.98E-01

1898.0 9.98E-01

1913.0 9.98E-01

1930.0 9.98E-01

1936.0 9.98E-01

1949.0 9.98E-01

1956.0 9.98E-01

1969.0 9.98E-01

1976.0 9.99E-01

1985.0 9.99E-01

1999.0 9.99E-01

2008.0 9.99E-01

2018.0 9.99E-01

2033.0 9.99E-01

2049.0 9.99E-01

2055.0 9.99E-01

2063.0 9.99E-01

2074.0 9.99E-01

2091.0 9.99E-01

2098.0 9.99E-01

2112.0 9.99E-01

2123.0 9.99E-01

2133.0 9.99E-01

2140.0 9.99E-01

2150.0 9.99E-01

2156.0 9.99E-01

2169.0 9.99E-01

2175.0 9.99E-01

2181.0 9.99E-01

2193.0 9.99E-01

2210.0 9.99E-01

2222.0 9.99E-01

2232.0 9.99E-01

2251.0 9.99E-01

2262.0 9.99E-01

2271.0 9.99E-01

2281.0 9.99E-01

2288.0 9.99E-01

2297.0 9.99E-01

2319.0 9.99E-01

2325.0 1.00E+00

2336.0 1.00E+00

2343.0 1.00E+00

2401.0 1.00E+00

2420.0 1.00E+00

2435.0 1.00E+00

2451.0 1.00E+00

2478.0 1.00E+00

2509.0 1.00E+00

2526.0 1.00E+00

2570.0 1.00E+00

2614.0 1.00E+00

2718.0 1.00E+00

2786.0 1.00E+00

3231.0 1.00E+00

3242.0 1.00E+00

3439.0 1.00E+00

4005.0 1.00E+00

4005.0 1.00E+00
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Figure 5: Comparing the CDF of drop rate of

OpenTCP1, OpenTCP2, and default TCP while running

the “all-to-all” IMB benchmark.

rate above 0.1% it reverts the initial congestion window
size and the RTO to their default values.
Impact on flow completion time: Figure 4 depicts
the CDF of flow completion times for OpenTCP1,
OpenTCP2, and unmodified TCP. Here, the tail of FCT
curve for OpenTCP1 is almost 64% shorter compared
to unmodified TCP. As we mentioned before, this leads
to a faster job completion time in our experiments.
Additionally, more than 45% of the flows finish in
less than 260 seconds in OpenTCP1, which indicates
a 62% improvement compared to unmodified TCP.
Similarly, OpenTCP2 helps 80% of flows to finish in a
fraction of a second which is a significant improvement,
even compared to OpenTCP1. This is because of
OpenTCP2’s fast reaction to drop rate at the end-hosts.
In OpenTCP2, the tail of the FCT curve is 324 seconds
which is 59% improvement compared to the unmodified
TCP. The FCT tail of OpenTCP2 is slightly (8%) longer
than OpenTCP1 since it incorporates conditional CUEs
and does not increase init cwnd aggressively.
Impact on congestion window size: The improve-
ments in FCTs are direct result of increasing init cwnd.
Our analysis showed that in the case of unmodified
TCP, more than 70% of packets are sent while the
source has a congestion window size of three, four, or
five segments. OpenTCP however, is able to operate at
a larger range for congestion window sizes: more than
50% of packets are sent while the congestion window
size is greater than 5 segments (figure not shown due to
space limitation).
Impact on packet drop rate: The FCT improve-
ments in OpenTCP1 and OpenTCP2 come at a price.
Clearly, operating at larger congestion window sizes
will result in a higher probability of congestion in the
network, and thus, may lead to packet drops. As Fig-
ure 5 shows, the drop rate distribution for unmodified
TCP has a shorter tail compared to OpenTCP1 and
OpenTCP2. As expected, OpenTCP1 introduces a
considerable amount of drops in the network since the

Table 1: The approximate OpenTCP overhead for

a network with ⇠4000 nodes and ⇠100 switches for

di↵erent Oracle refresh cycles.

Overhead
Oracle refresh cycle

1 min 5 min 10 min

Oracle CPU Overhead (%) 0.9 0.0 0.0
CCA CPU Overhead (%) 0.5 0.1 0.0
Data Collection (Kbps) 453 189 95
CUE Dissemination (Kbps) 530 252 75

CUEs are not conditional and thus the CCAs do not
react to packet drops. OpenTCP2 has no drops for more
than 81% of the flows. This is a significant improvement
over unmodified TCP. However, the highest 18% of
drops in OpenTCP2 are worse than those in unmodified
TCP, as OpenTCP2 needs to observe packet drops
before it can react. Some flows will take the hit in this
case, and might end up with relatively large drop rates.
Overheads of OpenTCP: We summarize
OpenTCP’s overhead for refresh periods of 1, 5,
and 10 minutes in Table 1 by categorizing its overhead
into 4 parts: (i) CPU overhead associated with data
aggregation and CUE generation at the Oracle, (ii)
CPU overhead associated with data collection and CUE
enforcement at the end-hosts, (iii) required bandwidth
to transfer statistics from the end-hosts to the Oracle,
and (iv) required bandwidth to disseminate CUEs to
the end-hosts. Clearly, OpenTCP’s refresh cycle plays
a critical role in its overhead on networking elements.
We conclude that our implementation of OpenTCP has
a small processing and bandwidth overhead.

4. RELATED WORK
Generally, congestion control in computer networks

is handled in three di↵erent ways: (i) End-to-end
congestion control protocols: these protocols use end-
to-end network measurements, such as packet drops, as
an implicit sign of congestion [18,22,23,25]. (ii) Active
Queue Management (AQM) schemes: here the routers
along a flow’s path have an active role in measuring
congestion and signaling to the end systems [12, 14,
17, 20]. AQMs can provide better network utilization
than drop-tail queue management if they are properly
used, but can induce network instability and major
tra�c disruption, if not properly configured [11,13,20].
(iii) Hybrid of end-to-end and AQM schemes: these
are techniques where routers along the path of a flow
explicitly calculate the rate for individual flows, and
notify the sources so that the sender can adjust its rate
accordingly [3, 9, 10, 19].
OpenTCP is designed to use SDN as a platform. SDN

proposals introduce several solutions to separate control
and data plane in enterprise networks [5, 16, 21, 31].
However, much less e↵ort has been put into congestion
control adaptation for this new environment; most
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