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Abstract: In order to improve the fairness of bandwidth allocation in the Internet, we 
present an active queue management scheme called Fair Random Indication 
with Discarding Aggressiveness Yardstick (FRIDA Y), and study its 
performance via combining it with certain scheduling algorithms, e.g., FCFS 
(First-Come-First-Served) and FQ (Fair Queueing). By calculating the average 
arriving rate of each flow or a set of merged flows based on EWMA 
(Exponentially Weighted Moving Average), and discarding packets from the 
most aggressive flow or flow set randornly according to a dropping 
probability, FRIDA Y is able to (1) provide better fairness than LQD (Longest 
Queue Drop), RED (Random Early Detection), and TD (Tail Drop), (2) 
maintain a shorter average waiting time in the queue than LQD and TD, and 
(3) control the time limit for a bursty traftk to send data continuously without 
packet dropping. The performances of FRIDA Y are validated by ns simulator. 

1. INTRODUCTION 
In the Internet, bandwidth allocation algorithrn must be examined together with 

the end-to-end congestion control mechanisms (e.g., TCP) and the buffer 
management schemes implemented in the routers or switches, in order to get a 
complete picture on its performance impact to the whole system. If we construct a 
two-dimensional plane with the X-axis representing the dropping location in the 
queue (i.e., from where a packet is going to be dropped) and Y-axis representing the 
dropping time (i.e., at when a packet is determined to be dropped) (as shown in 
Figure 1), any buffer management algorithm would be mapped into a certain area of 
this plane. For the sake of the wide use of packet discarding as the method to 
manage the buffers in today's Internet, the axes in Figure 1 are given the name as 
dropping time and dropping location. Nevertheless, we do not exclude the cases of 
marking a packet instead of dropping it in tomorrow's network. 

From the viewpoint of dropping time, a buffer management algorithm is called 
"full-discard" if the buffer discards a packet when it is full upon a new arrival. 
Otherwise, the algorithm dropping packets before the buffer overflow occurs is 
called "early-discard". From the viewpoint of dropping location, an algorithm can be 
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categorized into front drop, tail drop, or random drop according to the location from 
which a packet is discarded - the front, the tail, or a random place of the queue. 

The simplest buffer management 
algorithm is Tail Drop (TD). The 
conventional TD, i.e. Tail Drop on 
FulI, is mapped into rectangular area 
GKLH in Figure 1. It was found that 
TD allows a single flow or a few 
flows to monopolize queue space (i.e., 
the "lock-out" phenomenon) and 
maintains a status of almost full queue 
for long periods of time [1]. Random 
Drop on FulI and Front Drop on FulI 
[2], which are mapped into rectangular 
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Figure 1. The plane ofbuffer management 
categories 

areas FJKG and EIJF, respectively, are improvements to the conventional TD and 
able to address the "lock-out" problem. But neither solves the fulI-queue problem 
[1]. All the algorithms in rectangular area EILH cannot provide desirable features 
like shorter queue and waiting time. Another category of buffer management 
schemes is called Active Queue Management (AQM), wh ich is mapped into area 
AEHD in Figure 1. Random Early Detection (RED) [3] is the most widely studied 
AQM. By discarding packets according to a calculated dropping probability before 
the queue is fulI, RED provides several nice features such as maintaining a shorter 
average queue length and avoiding the global synchronization to some extent. The 
original RED in [3] is mapped into rectangular area CGHD, but RED itself can be 
mapped into AEFB and BFGC as weil. In [4], RED with TD was recomrnended due 
to its simplicity and straightforwardness if the average queue length is short. 

RED, however, is not able to provide satisfactory fairness, especially when the 
RTTs (Round-Trip-Times) of the TCP connections differ significantly. The sending 
rate of a TCP connection is inversely proportional to its RTT approximately, 
supposing all the connections encounter the same dropping probability [5,6]. 
Therefore, the TCP connection with a longer RTT will get a lower bandwidth from a 
REDrouter. 

In order to improve the fairness, Longest Queue Drop (LQD) was presented in 
[7]. The spirit of LQD is to drop the front packet from the queue that occupies the 
largest portion of the buffer space. However, since the burstiness of the traffic in the 
Internet, the flow occupying the most buffer space is not necessarily the one with the 
highest sending rate. Therefore, LQD has a bias against the traffic that is bursty but 
has a low average sending rate. Moreover, LQD is still a "fulI-discard" scheme and 
shares the disadvantages with aH the other schemes in area EILH, e.g., fuH-queue 
problem and longer end-to-end delay. 

In order to furthur improve the fairness, at the same time to trim the end-to-end 
delay, we present a new AQM scheme called Fair Random Indication with 
Discarding Aggressiveness Yardstick (FRIDAY). FRIDAY integrates the benefits of 
flow isolation (like LQD) and early discard (like RED). It is mapped into the area 
AEHD in Figure 1. 
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In order to analyze the performance of FRIDA Y, we study the goodput, the 
fairness and the average waiting time in the queue by combining it with scheduling 
algorithms like First-Come-First-Served (FCFS) and Fair Queueing (FQ). The 
performances of FRIDA Y are compared with the other buffer management schemes, 
including TD, LQD, and RED. 

In Section 2, we discuss the principles of FRIDA Y algorithm. In Section 3, we 
explain how to regulate the time limit to detect the most aggressive flow by setting 
the weights in Exponentially Weighted Moving Average (EWMA). The results of 
our simulations based on ns and its revised version with FRIDA Y algorithm are 
given in Section 4. The simplification of implemention is discussed in Section 5. 
FinaIly, conclusions are drawn in Section 6. Further possible extensions are also 
discussed in Section 6. 

2. THE PRINCIPLES OF FRIDAY 

2.1 Fuction Modules 
FRIDAY is a scheme that supports shared buffer but permits per-flow queueing. 

It calculates the arriving rate for each flow and discards the packets from the most 
aggressive flow randomly when the congestion occurs or will occur. The function 
modules of FRIDAY are shown in Figure 2. ConceptuaIly, FRIDA Y consists of two 
function modules called Arriving-Rate Counter and Dropping Judge. These two 
modules are responsible to control the allocation of buffer space and give a 
congestion indication to a certain flow by dropping an appropriate packet. 

As a buffer management 
scheme, the performance of RUDAY 

FRIDA Y will be affected by 
the algorithm implemented in 
the scheduler. Since FRIDAY 
and scheduling algorithm are 
independent of each other 
conceptually, the scheduler is 
not inc1uded in FRIDA Y. 
When a new packet arrives, the 

classifier, which is independent Figure 2. Function modules of FRIDA Y 
of FRIDA Y as weIl, checks the 
related fields in the header of the arriving packet, e.g., the source address and the 
destination address, and classifies it into a flow that is represented by an ID in the 
router. As a matter of fact, the buffer management scheme and the scheduling 
algorithm that deal with a fl9w can be used to deal with a flow set as weil. When the 
number of active connections expands, or the capability of the router is too low to 
meet the demand of per-flow operation, merging the flows that share certain 
attributions into a flow set is a wise choice. In this case, all the flows in the set are 
represented as a whole by an ID in the router. 

After it is classified, the arriving packet will enter the logical queue related to the 
flow or flow set. Then, the Arriving-Rate Counter in FRIDA Y will calculate the 
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arriving rate of the flow. If necessary, the Dropping Judge in FRIDAY will discard a 
packet from the most aggressive flow. 

2.2 Principles and Explanations 
The principles of FRIDA Y are listed as folIows: 

. (1) If necessary, FRIDAY will discard a packet in the buffer pool from the most 
aggressive flow, i.e., the flow with the highest arriving rate. If the most aggressive 
flow does not have a packet in the buffer pool - although this is not an ordinary 
case - FRIDA Y will discard a packet in the buffer pool from the flow with the 2nd 
highest arriving rate, and so on. This function is implemented in the Dropping Judge 
module based on the information provided by the Arriving-Rate Counter. 

(2) FRIDA Y refreshes the arriving rate of each flow after every time interval T, 

and the flows are ordered according to their arriving rate, from the highest to the 
lowest. This is implemented in the Arriving-Rate Counter. 

(3) Enqueue the arriving packet at first. Then, FRIDA Y calculates a dropping 
probability dependent on the status of buffer occupancy, and resorts to Principle (1). 
This is controlIed by the Dropping Judge module. 

Now we come up with some explanations on the above principles. 
Principle (1) only determines in which queue packet wiIl be dropped (i.e., the 

queue of the most aggressive flow), and does not define the dropping location (front, 
tail, or random) in the queue of the most aggressive flow. That means FRIDAY can 
employ Tail Drop, Front Drop, or Random Drop as you like. In our simulations, we 
use Front Drop for the same reason as in LQD, i.e., decreasing the response de1ay of 
TCP connections as short as possible. 

Take note of the fact that both FRIDA Y and FQ are per-flow mechanisms, 
while FCFS is not. Therefore, when we use FRIDA Y combined with FQ (FQ
FRIDA Y), we are in a dilemma about making a choice between a shared queue for 
FCFS and multiple queues for per-flow queueing. A special data structure, i.e., a 
linked list or a group of linked lists can be constructed as a virtual queue or virtual 
queues in the router to handle it. Each link element is apointer to the location in 
which a packet is stored in the buffer, i.e., the content of the link element is an 
address, not a packet. 

Under the constraint of Principle (2), FRIDA Y calculates the arriving rate for 
each flow based on EWMA. It can improve fairness, especialIy correct the bias 
against the flows with lower average sending rate but higher burstiness. This idea is 
used in [8,9] with a variable of EWMA weight depending on the inter-arrival time of 
packets from a certain flow. In [8,9] the rate record of a flow is updated upon every 
arrival, but the calculation implemented in FRIDA Y is much simpler due to the 
fixed EWMA weight value and the operation that the rate needs only updating at 
time nt: 

For flow i, let Rj(n) represent the observed arriving rate in nth interval T, and let 
Mj(n) represent the calculated average arriving rate at the end of nth interval T, i.e., 
time nt: Using the method ofEWMA, we have: 

M j (n) = (1- w)M j (n -1) + wR j (n) . (1) 
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In order to increase the calculation speed and to implement the calculation by 
hardware, the EWMA weight, w (O<w<I), can be assigned with a value as T k (k is a 
positive integral number). Then the multiplicative operations are replaced by shifts. 

In order calculate the arriving rate for each flow, we define a variable Bi for flow 
i, which has an initial value O. When the classifier categorizes the new-arriving 
packet into flow i, the size of this packet (i.e., number of bytes) will be added to B;. 
When FRIDA Y discards a packet from flow i, the packet size will be deducted from 
B;, because this packet will not occupy the downstream bandwidth. After time 
interval 'i, the value of B; equals the total length of packets from flow i that have 
occupied or will occupy the downstream bandwidth. Let B;(n) represent the value of 
B; at time n 1: Then we have 

M; (n) = (1- w)M; (n -1) + wB; (n) I T . (2) 

After calculating the average arriving rate M; for flow i each time intervall, the 
Arriving-Rate Counter in FRIDA Y will reset B; to 0, and continue its next 
calculation. If flow i has stopped sending data, the value of M; will decrease 
gradually. Once it is smaller than a pre-defined threshold, FRIDAY will regard flow 
i as silent and release the variables reserved for it (i.e., B; and M;). In our 
simulations, a threshold of 40 bytes/Tis chosen, which equals only one ACK packet 
during interval 1: And we set T= 2d, where d denotes the propagation delay of the 
downstream link (its approximate value can be obtained by the command "ping" 
when the link is idle and the network configurations are initialized by the 
administrator). Thus, all the values of RTTs of the connections through the link are 
larger than 1: 

It is worthy of note that FRIDAY pays more attention to the aggressive flows, 
and the threshold used to release the variables B; and M; described above could be 
any value smaller than the arriving rate of most flows. 

In Principle (3), FRIDA Y is similar to RED and discards packets randomly 
before the buffer is fuH. But FRIDAY is different from RED in two aspects: (1) 
Random dropping in RED is imposed on aH the flows while FRIDA Y only discards 
the packets from the most aggressive flow. (2). EWMA in RED is used to calculate 
the average queue length avg, which determines the dropping probability, while in 
FRIDA Y, EWMA is used to calculate the average arriving rate M;, and the dropping 
probability is determined by the current status of buffer occupancy (i.e., the total 
length of all the queues in the buffer pool at the present time, rather than the average 
status of buffer occupancy). In this paper, we do not smooth the queue length in 
FRIDAY to absorb the low-rate but bursty traffic, since this kind of trafik is 
absorbed by the buffer when the arriving rate is smoothed. One way to set the 
dropping probability p in FRIDA Y is shown as follows: 

{ 
L -

p = . Pth' Lmin < L Lmax , 

Lmax Lmin 
(3) 

L> Lmax 

I Strict!y, because of the method used to calculate Bi, the value of Mi equals the average 
downstream bandwidth allocated to flow i. 
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where L, Lrrun, Lmax, Pm are similar to qlen (not avg), minm, maxm, maxp in RED. 
However, it should be clarified that Equation (3) is not the only method to set the 
value of p. Any other expressions of p being able to reflect the severity of the 
network congestion are also candidates. 

We ran the simulations for FRIDAY with and without EWMA queue length 
separately, and got the results of goodput, link utilization, fairness and average 
waiting time in the queue (not listed in this paper). It was found that the performance 
difference ofthe two FRIDAYs are insignificant. 

When the number of TCP connections is large, we adopt the fairness coefficient 
N 

(LG j )2 

F = j=J (4) 
N 

NLG/ 
j=J 

to qualify the fairness, where N denotes the number of active flows during the 
observation period, and Gj (i = 1 ,2, ... ,N) represents the goodput of flow i. 

3. TIME TO DETECT THE MOST AGGRESSIVE 
FLOW 

FRIDAY is able to control the time to detect the most aggressive flow by setting 
the value of EWMA weight w in equation (2). In order to give an analytical 
explanation, let us observe flow i at first. Suppose the observation begins at time ° 
and the average arriving rate of flow i is Rj, Le., M j (0) = Rj• After time 0, flow i 
increases its rate to reach R' j ( R' j > Rj). Then, the refreshed average arriving rate of 
flow i at time ris 

Mj(I)=(l-w)Rj+wR'j' (5) 

When it is refreshed at time 2 'T, 

Mj(2)=(l-w)Mj(l)+wR'j=(1-w)2Rj+w(l-w)R'j+wR'j' (6) 

Generally, at time nr(n = 1,2, ... ), the average arriving rate is 
n-J 

Mj(n)=Rj(l-w)n +R'j wL(1-w)k =Rj(l-w)n +R';[l-(l-w)n]. (7) 
k=O 

Let R'j = R,+ ÄRj, we have 

Mj(n)=Rj+ÄRj-ÄRj(l-wt· (8) 

Supposing flow j, with the arriving rate of Rj (Rj < Rj < R';), was the most 
aggressive flow at time ° and maintains its arriving rate, Le., 

M/n) = M/n - 1) = ... = M/O) = Rj • 

Denote the time needed for flow i to catch up with flow j in the sense of average 
arriving rate as nr: Then n should satisfy 

(9) 
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R· +M· -R· > I I I J n - ogl_w (10) 

Equation (11) gives the time needed for a less aggressive flow to catch up with 
and then replace the original most aggressive flow in the sense of average arriving 
rate. That is also the time limit for a bursty traffic to send data continuously without 
packet dropping. Especially, if R; = 0, Mi = R'; , Equation (10) can be rewritten as 

R· 
R;) (11) 

I 

Since 0 < w< 1, after w has 
been determined, the smaller Rj 

1 R'; is, the smaller n iso From 
another point of view, after Rj 

1 R'; has been determined, the 
larger w is, the smaller n iso 
Smaller value of n means that it 
needs shorter time for flow i to 
take the pi ace of flow j and 
become the most aggressive flow. 
It infers that FRIDA Y is quicker 
to detect the new aggressive flow 
if it is assigned with a larger W. 

The relationship among n, R/ R'; 
and w is shown in Figure 3. 

4. SIMULATIONS 

:: 
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Figure 3. The relationship among n, Rj IR i and w 

In order to compare the combinations of various schedulers (FCFS and FQ) and 
buffer management schemes (TD, LQD, RED and FRIDA Y), we add the source 
code of FRIDA Y and LQD into ns simulator version 2.1 b6 [10]. 

In this paper, 4run of FRIDA Y and minth of RED are set as 1/3 of the buffer size, 
Lmax and maxth are set as 2/3 of the buffer size, and Pth and maxp are 0.002. RED has 
the EWMA weight as 0.002 to calculate avg, and runs in byte mode with the average 
packet size of 1000 bytes. The simulation network is illustrated in Figure 4, with the 
EWMA weight of FRIDAY being set as w=2-8=1I256. 

4.1 Two TCP Flows 
In this experiment two TCP 

flows are used to transmit FrP 
traffic, whose sources are SI and S2, 
and destinations are DI and D2 

respectively. The link between RI 

and R2, with the bandwidth of 10 
Mb/s and the propagation delay of 1 
millisecond, is the bottleneck link. 

Figure 4. The simulation network 
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The end-to-end propagation delay from SI to DI (Le., the sum of all the propagation 
delay of the links on the path from the source node SI to the destination node DI) is 
10 ms. The end-to-end propagation delay from S2 to D2 is 50 ms. The size of the 
buffer pool is 120 packets. 

Different versions of TCP (Tahoe, Reno, Newreno, and SACK) are used to 
repeat the simulation, and every simulation runs for 100 seconds. The results of 
goodput, link utilization (ratio of the aggregate throughput to the bandwidth of the 
bottleneck link) and the average waiting time for both flows are listed in Table 1,2 
and 3 respectively (T, R, N and S denotes Tahoe, Reno, Newreno and SACK 
respectively). The average waiting time is expressed in terms of the number of 
average-sized (1000-bytes) packets that would be forwarded during the time period. 

From Table 1, one can find that FRIDA Y provides better fairness than LQD, TD 
and RED. Generally FQ scheduler provides more fair resource sharing than FCFS 
except in some cases, e.g., FQ-RED is not better than FCFS-RED. The exceptional 
phenomenon is attributed to the fact that RED is not able to provide isolation 
between flows. Table 2 demonstrates that the link utilization of FRIDA Y is not 
worse than any other algorithms. In Table 3, for a certain buffer management 
scheme, FCFS scheduling algorithm provides very similar average waiting time to 
different flows, since the packets from different flows share a single logical queue. 
In contrast to that, FQ scheduler williower the average waiting time of the flow with 
the larger RTT because of its lower sending rate. From Table 3, it is also observed 
that the average waiting time of TD and LQD is much longer than that of RED and 
FRIDAY. 

T. bl 1 G d f a e OOlputo two TCPfl ows (Mb/ ) s 
TD RED L D FRIDAY 

FCFS FQ FCFS FQ FCFS FQ FCFS FQ 
T 8.9610.71 7.75/2.02 7.05/2.66 7.16/2.15 6.31/3.39 5.69/4.10 5.94/3.78 5.65/4.19 
R 9.1510.38 8.07/1.62 9.69/0.15 9.69/0.18 7.99/1.46 6.17/3.52 7.8211.75 6.13/3.56 
N 9.1510.74 7.98/1.97 7.10/2.86 7.44/2.42 6.4313.29 5.73/4.06 6.46/3.50 5.69/4.30 
S 9.17/0.79 7.28/2.68 7.32/2.67 6.67/3.23 6.4213.54 5.92/4.06 5.76/4.23 5.15/4.83 

Table 2. Link Utilization (%) 

1'\ TD RED UD FRIDAY 
FCFS F<L FCFS FQ FCFS FCFS FQ 

T 96.8 97.9 97.2 93.2 97.1 98.0 97.4 98.5 
R 95.5 97.0 98.5 98.7 94.7 97.0 95.9 97.1 
N 99.0 99.6 99.6 98.6 97.3 98.1 99.7 99.9 
S 99.6 99.7 99.9 99.0 99.6 99.8 99.9 99.8 

Ta bl 3 A e . h k ) verage wrutmg time m t e queue ets 

'\ TD RED L D FRIDAY 
FCFS 1'Q FCFS FQ FCFS FQ FCFS FQ 

T 40.5/41.2 69.3/2.7 31.0131.6 46.3/2.9 40.2/39.0 66.1/14.9 26.8127.7 38.0n.9 

R 35.6/39.2 44.7/2.2 24.4/24.1 34.0/2.0 35.0135.1 50.7/24.7 21.1122.1 36.6/22.9 
N 42.2142.0 38.3/5.1 27.1127.3 28.9/8.8 40.7/40.1 32.5110.7 21.0/19.1 36.919.2 
S 40.9/41.4 59.5/9.5 32.5/33.0 45.4/2.4 39.2/37.8 55.5/34.4 30.3/30.4 43.8/24.7 

Considering the fact that the traffic transported by TCP mainly belongs to non
delay-sensitive traffic rather than real time traffic, we regard the fairness and 
goodput as the principal criterion, and the average waiting time in the queue as the 
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secondary one. Therefore, in the ca se of 2 TCP flows, FRIDA Y has the best 
performance among the four buffer management schemes. 

4.2 UDP and TCP Competing for Bandwidth 
In this subsection, we study the performance of FRIDA Y in the case of UDP 

competing bandwidth with TCP. One couple of nodes, Si and Di (i = 1,2, ... ,11), 
generates one flow. In these 11 flows, 10 flows (i ::;; 10) are TCP and one flow is 
UDP (i = 11), and their end-to-end propagation delays are in the range of 5 to 55 ms. 
The 10 TCP flows consist of 2 Tahoe, 2 Reno, 3 Newreno and 3 SACK. TCP is 

-6-FCFS-RED 
FCFS-LQD _ 

FCFS·flUDIl Y Y 

f : 
0 L-'---''---'---'--'----'----'---'---' 

10 20 30 <10 50 eo 70 eo 90 100 
UDP .. ndina rateJbol11entCk _wicllh 

Figure 5. TCP goodput influenced by 

-6-FCFS-RED ---A-
FCFS·TD 

-G-FCFS-LQD 

FCFS·flUDIl Y 

1 2 3 .. 5 6 7 8 9 10 11 
Flow lD 

Figure 6. Average waiting time of each 

driven by FrP, and UDP is driven by CBR (Constant Bit Rate). The buffer size 
equals 120 packets. Each simulation result is represented by one point in Figure 5. 

One of the observations can be made from Figure 5 is that there is an 
approximately linear relationship between the aggregate TCP goodput and the UDP 
sending rate in FCFS-RED and FQ-RED. As a typical unresponsive flow, UDP does 
not reduce its sending rate even though its packets are dropped because of network 
congestion. Therefore, when the TCP flow cuts its rate, the saved bandwidth will be 
occupied by the UDP flow soon. In FRIDAY and LQD, however, this problem does 
not occur because of the flow isolation function supported by both schemes. 
Moreover, with the same scheduler, TCP goodput in FRIDAY is better than that in 
LQD, because the bursty traffic can be absorbed by the buffer of FRIDA Y that use 
EWMA to smooth the arriving rate, while in LQD, the bursty traffic might cause 
itself to become the flow that has the longest queue in the buffer and hence 
experiences packet dropping. 

We further study the average waiting time in the queue for each flow with the 
UDP flow rate of 6 Mb/s (i.e., 60% of the bottleneck bandwidth). The simulation 
results are shown in Figure 6, where the TCP flows are represented by the flow IDs 
from 1 to 10 and the UDP flow is represented by ID 11. The TCP flows obtain 
shortest average waiting time in FQ-TD and FQ-RED, but the performance is still 
not satisfactory because of the low goodput (please refer to Figure 5 at the same 
time.). 

Due to the nature of randomness in the network, when the number of flows is 
large, we cannot guarantee that all the flows experience shorter average waiting time 
in one scheme than that in the other schemes. The scheme being capable of 
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providing most of the flows with shorter average waiting time is better. 
Consequently, FRIDA Y is also better than LQD when same scheduler is employed. 

In Figure 6, one can also find that the average waiting time of the flow with ID 
11 (UDP) is much longer than that of the other flows in FQ-RED and FQ-TD. The 
cause to this phenomenon is that the high-rate UDP flow occupies a much larger 
space in the buffer pool than any TCP flow does. When FQ scheduler is used, the 
UDP packets in the buffer form a logical queue much longer than any logical queue 
relative to a TCP flow. 

4.3 ON-OFF Pareto Sources Mixed with FTP 
A great number of researches manifested that the traffic in the Ethernet and the 

Wide Area Networks (WANs) can be characterized by self-simiIarity [11-13]. The 
packets of the TELNET traffic generated by a keyboard folIo ws Pareto distribution 
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[11], and WWW traffic complies with Pareto distribution with 1.16<a<1.5 [12]. 
We assurne the TELNET applications have the parameters as folIows: a=1.2, 

fifteen 80-byte packets on the average being sent out during an ON period, and the 
average duration of OFF period being 1 second. We name it as Pareto ON-OFF 
sources Group 1 in this paper. The parameters for the WWW applications are as 
folIows: a=1.4, one hundred 1000-byte packets on the average being sent out during 
an ON period, and the average duration of OFF period being 3 second. We named it 
as Pareto ON-OFF sources Group 2. The number of flows driven by FTP, Pareto 
ON-OFF sources Group 1, and Pareto ON-OFF sources Group 2 stays in the 
proportion of 1: 1 :2. 

In the case of 44 flows, the results of the fairness coefficient F affected by the 
buffer size are shown in Figure 7. F versus the total number of flows is given in 
Figure 8. Both Figure 7 and Figure 8 validate that the fairness of FRIDA Y is better 
than LQD and RED. Referring to the simulation results in subsection 4.1 and 4.2, it 
is easy to find that the ON-OFF Pareto sources deteriorate the fairness. 
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5. CONSIDERATION FOR IMPLEMENTATION 
FRIDAY requires per-flow queueing, wh ich is a time-consuming action for the 

router. For implementation, the operation of FRIDA Y can be simplified in two 
aspects as folIows: 

(I) The Internet could be divided into peripheral network and core network. In 
the peripheral network, the number of flows is not very large, hence FRIDAY for 
per-flow queueing is recommended. In the core network, since there are enormous 
flows through it, merging a group of flows into a flow set is a possible solution. In 
this case, FRIDA Y provides the flow sets, rather than the individual flows, with 
fairness. 

(2) In Principle (2) described in Subsection 2.2, in order to detect the most 
aggressive flow and drop its packet, the flows are ordered according to their arriving 
rate after every time interval 1: One simplified version of FRIDA Y is just to order a 
few top aggressive flows (say top M), not all the flows. 

Let us examine one of the top M flows. Denote q as the prob ability of a flow 
that has no packet in the buffer. Suppose the TCP window size is K (K > 0) times the 
buffer size B, and let D represent the average waiting time in the queue (in average
sized packets), T represent the RTT, and b represent the link bandwidth. The 
prob ability that the flow has packet in the buffer (i.e. I-q) is 

I-q>!. KB+D 
T b (12) 

Note that FRIDA Y only drops packet when L>Lmin as described in Equation (3). 
Therefore, when dropping is decided, D > Then the probability of the 
exceptional case (i.e., there are no packets of the top M flows in the buffer) is 

Q=qM «I_!.KB+Lmin)M. (13) 
T b 

Let 

Q =<I_!.KB+Lmin)M 
max Tb' (14) 

we have 

M = log 1 KB+4,u Qmax (15) 

Based on Equation (15), one can decide at least how many most aggressive 
flows need ordering. 

6. CONCLUSIONS AND FUTURE WORK 
As an Active Queue Management, FRIDA Y can be employed by routers, 

switches or other packet-forwarding equipments. FRIDA Y can provide a better 
fairness than TD, RED and LQD, at the same time guarantee satisfactory link 
utilization and maintain a shorter average waiting time in the queue than LQD. The 
performance was validated in various simulation circumstances. In addition to the 
case of pure TCP, it was also validated that FRIDAY can provide protection for 
TCP goodput when there are high-rate and unresponsive UDP flows in the network 
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competing for bandwidth. We also found that FQ-RED displays worse fairness than 
FeFS-RED in some cases. 

In this paper, FRIDAY calculates the EWMA arriving rate for different flows 
with the same weight w. Recalling the feature in Figure 3, i.e., the larger w is, the 
quicker for FRIDAY to detect the new aggressive flow, a promising extension of 
FRIDAY is to introduce priority level and use different weight w for the flows at 
different priority level. 
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