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a b s t r a c t 

In this paper, we present a novel bandwidth management scheme that we call adaptive bandwidth binning 

(ABB) . ABB is presented in the context of a DOCSIS cable network, but it has obvious applicability to 

downstream service on any shared medium access network in which all downstream traffic is scheduled 

by a single headend device such as a CMTS or wireless base station or access point. 

ABB is capable of providing approximate weighted max-min fair sharing of downstream bandwidth via a 

low-overhead scheduler that requires only a small number of permanently allocated queues. A modern 

delay-based active queue management (AQM) technique is employed to control delays. 

The performance of ABB is evaluated via ns-2 simulations in which workloads include FTP, HTTP-based 

adaptive streaming (HAS), and web traffic targeted for different tiered service quality levels. Our results 

show that ABB is able to provide approximate weighted max-min fair bandwidth allocation among re- 

sponsive high bandwidth flows while isolating them from low bandwidth and latency sensitive flows. 

The use of CoDel in each ABB queue is effective in managing latency as required. The use of flow weights 

in ABB supports service tiering in which subscribers pay more for higher service rates. 

© 2019 Elsevier B.V. All rights reserved. 
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1. Introduction 

Cable based access networks are one of the dominant broad-

band access network technologies. In contrast to wireless networks

whose speeds are constrained by governmental allocation of RF

spectrum, cable networks have minimal constraints and conse-

quently, in the past decade, have seen huge increases in available

service rates over the 2 GHz of spectrum provided by a coaxial ca-

ble medium. 

The Data Over Cable Service Interface Specification (DOCSIS)

standard defines the operation of hybrid fiber/cable (HFC) net-

works. DOCSIS networks originally used 6 or 8 MHz cable TV chan-

nels to provide Internet connectivity to homes and small busi-

nesses. The 6 MHz bandwidth, used in USA, coupled with cable’s

excellent SINR delivers an aggregate downstream bit rate of ap-

proximately 38 Mbps at the network layer. The DOCSIS 3.0 standard

allows operators to bond multiple channels together to form large

virtual channels with effective data rates that can extend beyond

100 Mbps. 
∗ Corresponding author. 
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In the DOCSIS 3.1 standard (D3.1), the 6 and 8 MHz bottleneck

as eliminated and downstream channels of up to 192 MHz band-

idth are now supported. A 192 MHz channel can support an ag-

regate bit rate exceeding 1 Gbps. The thirty-fold increase in band-

idth raises questions regarding the adequacy of existing DOCSIS

cheduling and queue management algorithms. Indeed, the D3.1

tandard now requires AQM for both downstream and upstream

raffic. 

In this paper we consider the downstream bandwidth manage-

ent problem in shared medium access networks. One motiva-

ion for the work is the transition to the D3.1 standard [1] and

he consequent need to manage the fair sharing of 1 Gbps+ among

he customers sharing a cable link. Although our simulations em-

loy DOCSIS networks, our approach is applicable to downstream

cheduling in any shared medium access network. 

A complementary motivation is the relatively recent research in

he networking community in the area of active queue manage-

ent (AQM) [2] . Where the focus of the early research (e.g., RED

nd its descendants) was queue length management, the focus of

he more recent delay-based AQM algorithms is to control latency.

oth CoDel [3,4] and PIE [5,6] implement a pro-active loss process

esigned to maintain a statistical packet latency target and avoid

he well known problems associated with “bufferbloat.” [7] . 

https://doi.org/10.1016/j.comnet.2018.12.019
http://www.ScienceDirect.com
http://www.elsevier.com/locate/comnet
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The main contribution of the paper is the novel packet schedul-

ng and queue management method we call adaptive bandwidth

inning (ABB). ABB maintains a small fixed number of queues, re-

erred to as bins . For the purposes of this paper a flow can be con-

idered to be a TCP connection or a UDP pseudo-connection, but,

n practice, it could be implemented as DOCSIS service flow . 

Flows having similar recent downstream bit rates are assigned

o a bin associated with that approximate bit rate. The set of flows

ssociated with a particular bin are called its flow group . Pack-

ts in each flow group are queued in the group’s associated bin

nd scheduled first-come-first-served (FCFS). Each bin is assigned

 weight based upon the number and individual weights of the

ows that it holds. 

An outer scheduler services the bins in a weighted deficit

ound-robin (WDRR) [8] manner. The ABB system adapts to chang-

ng workloads by periodically remapping flows to bins when flow

onsumption levels change. By normalizing recent bandwidth con-

umption with weights associated with the service tier of an indi-

idual flow, ABB can support service tiering. 

While the idea of using two queues to separately carry high

andwidth application flows (referred to as ‘elephants’) and much

arger number of low bandwidth flows (referred to as ‘mice’) is

ell known, to the best of our knowledge, we are the first to eval-

ate an adaptive bandwidth binning scheme that provides approx-

mate weighted fairness with low complexity and cost. 

The remainder of the paper is organized as follows.

ection 2 summarizes relevant background and related research.

ection 3 presents the details of our implementation of adap-

ive bandwidth binning. Section 4 details our simulation setup.

ection 5 provides the rationale for our choice of experimental

arameters. The Sections 6 and 7 contain simulation results for

ingle service tier and multiple service tiers respectively. Finally

ection 8 provides our conclusions. 

. Background and related work 

Bandwidth management is a core task of a subscription based

ccess network. We consider it in the context of management of

ownstream traffic from an access point (e.g. a DOCSIS Cable Mo-

em Terminating System (CMTS)) over a shared medium to a col-

ection of downstream customers. 

The objective of a bandwidth management system is to ensure

hat bandwidth is allocated fairly to customers in accordance with

heir service contracts. Aspects of the task include fairly manag-

ng degradation of service when total demand exceeds capacity

nd preventing intentionally abusive customers from degrading the

erformance of others. 

Historically, fairness in the Internet has largely been based on

TCP fairness” [9] . Nevertheless, it is well known that bandwidth

haring among competing TCP flows favors flows with shorter

ound trip times (RTTs). It is also possible for users to employ par-

llel TCP connections to defeat TCP fairness, and obviously appli-

ation protocols operating over UDP transport are immune to all

onstraints associated with TCP fairness. Therefore, DOCSIS access

etworks have historically used supplemental bandwidth manage-

ent systems such as Comcast’s protocol-agnostic congestion man-

gement system [10] . The objective of such systems is to ensure

ome form of fair sharing of bandwidth among customers. 

A widely accepted fairness criterion is max-min fairness. An al-

ocation is max-min fair if it is not possible to increase the ca-

acity allocated to any customer in the system without decreasing

he rate allocated to another customer who is receiving an already

ower or equal rate [11] . 

A bandwidth management system is comprised of three major

ctivities: flow management; queue management; and scheduling

12] . 
A flow is a related collection of packets flowing between a pair

f endpoints. Depending upon the implementation, a flow could

e defined as a TCP connection or UDP pseudo-connection, all the

raffic flowing between a pair of IP end points, an architecture de-

endent entity such as a DOCSIS service flow, or even all the traffic

owing upstream or downstream. A flow can be considered to be a

i-directional or uni-directional entity. Flow management activities

nclude identifying the initiation of new flows and the termination

f existing flows, mapping flows to packet queues, and identifying

he flow associated with each arriving packet. 

Queue management activities include creating and destroying

acket queues, placing arriving packets into the proper location

n the associated queue, and identifying which packets to drop in

imes of congestion. 

The scheduling system typically is responsible for identifying

hich queue to service next and removing its head packet for

ransmission. 

In general, the more effective a bandwidth management sys-

em is at providing flow isolation and fairness, the more complex it

s. A tremendous amount of research has explored ways to reduce

omplexity and computational overhead while maintaining desired

roperties such as good isolation, fairness, and low latency. Fig. 1

rovides a number of schemes developed over decades and their

elative complexity to each other. 

.1. Survey of previous research 

In this section we provide a brief review of research in band-

idth management. The simplest bandwidth management systems

mploy a single statically allocated queue with drop-tail queue

anagement and FCFS scheduling. In this system all downstream

ackets are considered to constitute a single flow. The scheduling

unction is simply the removal of the head packet from the queue.

bviously, this system cannot provide any flow isolation nor en-

orce any sort of fairness. Its strength is its simplicity and it is com-

only used in home WiFi access points and other small network

witches. 

Fair queuing (FQ) was originally proposed by Nagle [13] and

hen extended by many others. These extensions constitute a class

f bandwidth management systems that are capable of providing

xcellent flow isolation and max-min fairness. However, these sys-

ems require a separate queue for each flow. Consequently both

ow and queue management are complex. The underlying schedul-

ng algorithms can be broadly divided into two categories: time-

tamp based and frame or round based algorithms. 

The ideal fair queuing algorithm is generalized processor shar-

ng (GPS) [14] which is based on a fluid flow model. It assumes the

raffic is infinitely divisible. Thus GPS can serve an arbitrarily small

mount of data to each backlogged flow within any finite time in-

erval. GPS therefore can provide ideal flow isolation and fairness.

PS, however, is not implementable because real packets carry fi-

ite header overhead and are not infinitely divisible. 

The weighted fair queuing (WFQ) system [15] approximates GPS

or finite sized packets. It maintains a virtual time clock and cal-

ulates a virtual time stamp / service tag for each packet. The

cheduling component selects the packet with the smallest service

ag for transmission. 

While WFQ and worst case fair WFQ provide close approxima-

ion to GPS, They are computationally complex due to the need to

aintain the virtual time clock. The complexity of WFQ is domi-

ated by the virtual time stamp computations, which requires O ( n )

ime for each packet transmitted where n is the number of flows. 

To address the complexity problem with WFQ, Golestani devel-

ped the self-clocked fair queuing (SCFQ) scheme [16] . Instead of

sing the virtual time derived from GPS system for the calculation

f service tags, SCFQ uses the service tag of the packet currently
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Fig. 1. Ranges of complexity of various bandwidth management methods. 
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receiving service as an estimate of the system virtual time. This

significantly simplifies the computation of service tags while still

maintains near optimal performance. It also helps reduce the com-

plexity to O (log n ) work per packet, which is the amount of time

required for the sorting of service tags. 

All GPS derived approaches are (weighted) max-min throughput

fair in the limit, but have different yet bounded differences be-

tween their actual packet transmission completion times and the

corresponding GPS packet transmission completion times. 

The round-robin approach [13] requires one queue per flow. The

scheduler maintains a circular list of queue descriptors. When a

packet is to be scheduled it is selected from the next non-empty

queue on the list. This avoids the sorting bottleneck of a time

stamp based approach and achieves low complexity of O (1). How-

ever the scheme is throughput unfair if packet sizes vary. 

This unfairness is corrected in deficit round-robin (DRR) [8] . A

system parameter, max_bytes limits the number of bytes that can

be transmitted from each queue per scheduling round. Associated

with each queue is a deficit counter which is initialized to 0. At

the start of each round max_bytes is added to the deficit counter

of each backlogged queue. When the scheduler processes a queue,

it decrements the queue’s deficit counter by the length of each

packet transmitted. The scheduler moves onto the next backlogged

queue when the queue currently being processed becomes empty

or transmitting another packet would cause the deficit counter to

become negative. DRR is also max-min throughput fair in the limit

but has higher bounds on the maximum difference in actual packet

transmission times when compared to GPS and virtual clock based

transmission times. 

Time stamp sorting and per-flow queuing requirement can lead

to unacceptably inefficient packet scheduling in a system with a

large number of high data rate flows. Various techniques to miti-

gate the inefficiency have been proposed. These include two level

scheduling in which flows are aggregated using attributes such as

flow weight and packet size. The upper level scheduler identifies

the next aggregate to be scheduled and then the lower level sched-

uler identifies the individual flow and packet to be transmitted.

Examples of this approach include SRR [17] , FRR [18] , TSFQ [19] .
n these three flow aggregation schemes, per-flow queuing is still

equired. 

Flow aggregation schemes that do not require per-flow queuing

re commonly called binning systems. In a binning system packets

rom a group of flows share a queue (e.g., BSFQ [20] and SFQ [21] ).

Because the aggregate packet flow from the upstream to the

hared medium headend device may exceed the downstream

andwidth of the shared medium, queue size control is an essen-

ial element of the queue management system. 

The simplest queue management scheme is drop-tail (DT). Ar-

iving packets are dropped when the number of queued packets

eaches a pre-defined capacity. While DT is appropriate for limited

apacity systems such as a single WiFi Access Point, it is known to

ave serious shortcomings [2] in high data rate multi-flow scenar-

os that employ long maximum queue lengths. Consequently, some

orm of active queue management (AQM) has long been consid-

red a beneficial and appropriate way to support the effectiveness

f TCP fairness. 

The random early detection (RED) [22] algorithm is one of the

arliest AQM algorithms. RED manages a queue by randomly drop-

ing packets when the average queue size reaches a threshold. The

rop rate is linearly increased as a function of average queue size

ntil the average queue size exceeds a second threshold and the

rop probability becomes 1. 

A variant of RED called Adaptive RED (ARED) is a simple ex-

ension to RED that further adapts the random drop process such

hat the average queue level tracks a target queue level [23] . This

daptation is performed periodically. We refer to this parameter as

he control _ interval . More AQM schemes (e.g. BLUE [24] ) were de-

eloped since then but choosing the appropriate set of parameters

or these schemes turns out to be difficult [2] . 

In the 25 years since the introduction of RED, there have been

ubstantial changes in the nature of Internet traffic. Interactive au-

io and video applications such as Skype are very intolerant of sig-

ificant latency and streaming video is intolerant of highly vari-

ble latency. Consequently, long queue lengths and their associ-

ted latency under simple drop tail FCFS queue management are

o longer tolerable, and AQM systems designed to limit queue res-
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Fig. 2. Approximate bandwidth management model. 
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dency time to a target maximum have been introduced in the last

ecade. 

Controlled Delay (CoDel) [3] and Proportional Integral Con-

roller Enhanced (PIE) [5] are two delay-based AQMs designed to

irectly control queuing latency. Both proactively drop packets to

nsure average packet queuing delay remains less than a config-

red latency target. We refer to this as the target _ delay parameter.

oth AQMs expose a second configuration parameter analogous to

he control _ interv al of ARED that defines the time scale of control. 

CoDel’s delay estimate is based on a per packet latency moni-

or. PIE’s delay estimate is based on an estimate of the recent de-

arture rate at the queue. The two AQMs both tolerate infrequent

ursts of traffic. However, the details of the burst control mecha-

isms differ and are described in [3] and [5] respectively. 

The PIE algorithm performs early packet drops as packets ar-

ive at the queue. The CoDel algorithm, as originally proposed in

3,25] performs packet drops at the time packets are dequeued for

ransmission. 

The work presented in this research is based in part on an open

ource implementation of drop-tail variant of CoDel (which we re-

er to as CoDel-DT) that was contributed to ns-2 by CableLabs. 1 

AQM algorithms may drop packets from all flows indiscrim-

nately with same probability. This may result in unfair sharing

f the link capacity. Delay-based AQMs simultaneously addressing

he fairness issue have also been proposed. One example is AFCD

26] that blends AFD and CoDel. A flow whose sending rate ex-

eeds its fair share will be controlled by CoDel with a shorter delay

arget. Thus, assuming TCP end points, the resulting higher drop

ate for such a flow causes the source to reduce its sending rate. 

FQ-CoDel [27] is another example that simultaneously ad-

resses unfairness and excessive queue size. An implementation

f FQ-CoDel for ns-2 [28] is called SFQ-CoDel [29] . Regardless of

he number of active flows, (S)FQ-CoDel randomly hashes incom-

ng packets into a fixed number of queues (bins) based on packet

eaders. The bins share a fixed-size common buffer and are sched-

led with a modified DRR. Each queue is separately managed by

oDel but with a common delay target. (S)FQ-CoDel is shown to

e very fair while maintaining delay target consistent to that of

oDel. But it does not provide weighted fairness when flows are

eighted. Broadly the combination of any FQ scheduler based on

er-flow queues with CoDel can also likely be called FQ-CoDel. We

dentify this class of scheduling as FQ+CoDel in Fig. 1 . 

. Adaptive bandwidth binning 

We now present our approximate bandwidth management sys-

em. It has considerably less complexity and operational overhead

han per-flow approximations of weighted fair queuing, and it can

pproximate WFQ’s weighted max-min fair allocation. Our system

s also effective with a small number of statically allocated bins

typically 3 to 5) and requires no per flow queuing at all. 

The system is illustrated in Fig. 2 . The static set of bins is la-

eled b j , 1 ≤ j ≤ k . The system tracks a variable number of flows f i ,

 ≤ i ≤ n . Associated with each flow is a weight w i . 

As previously described, the precise definition of flow is flexible

nd is implementation dependent. The adaptive bandwidth binning

ystem maintains a mapping M : f i → b j ∀ i that maps each flow to

 specific bin. Periodically, at fixed time intervals, τ , the monitor

rocess, shown at the top of the figure, reconstructs the mapping

ased upon the downstream transmission rate realized by each

ow in the recent past. 

A two-level packet scheduling framework is employed. Each

in has a single associated queue in which the packets of all
1 Available at http://sourceforge.net/p/nsnam/patches/24/ 

s  

p  

t

resently assigned flows are scheduled FCFS as augmented by

rop-tail CoDel. Service to the bins is controlled by the inter-bin

cheduler called the outer scheduler. The outer scheduler can use

ny weighted fair queuing scheduling algorithm. Our implementa-

ion uses weighted DRR. 

The weight for each bin j is given by ω j = 

∑ 

f i 
w i where the

um is taken over all flows, f i , presently mapped to bin j and w i 

s the weight of f i . Each time the flows are remapped, ω j changes

ccordingly. 

.1. ABB and weighted fair queuing 

Let C be the capacity of the shared downstream medium. As-

ume that each bin, b j , has an associated bandwidth consump-

ion cap C j . Without loss of generality, assume C j ≤ C j+1 ∀ j so that

ins are arranged in increasing order of bandwidth consumption

aps. Also let C 0 = 0 and C k = C. The details of how the values

 j {0 < j < k } are established will be addressed subsequently. 

Let ˆ r t 
i 

represent the approximate realized downstream trans-

ission rate of flow f i at time t . It is computed as an exponen-

ially decaying auto regressive moving average. Let r t 
i 

be the mea-

ured transmission rate of flow i in the interval [ t − τ, t] . Then

ˆ  t 
i 

= 0 . 6 ̂ r t−τ
i 

+ 0 . 4 r t 
i 
. 

At each remapping time, t , flow f i is mapped to bin j if C j−1 <

ˆ  t 
i 
/ w i ≤ C j . We refer to ˆ r t 

i 
/ w i as the normalized flow transmission

ate of f i at time t . In this way, flows of similar normalized con-

umptions are classified into the same bin. 

The outer and inner schedulers work together to provide ap-

roximate global max-min fair allocation on a per flow basis. Let
ˆ 
 

t 
j 

be the aggregate transmission rate from bin j at time t . Note

hat even though the per flow caps C j are strictly increasing with

 , this is not necessarily true of ˆ R 

t 
j 

which is proportional to the

umber of flows assigned to a bin. 

The weighted DRR outer scheduler guarantees that the values
ˆ 
 

t 
j 

represent weighted max-min fair sharing of the aggregate ca-

acity C with respect to the bin weights ω j . The binning algorithm

nsures the inner FCFS schedulers are dealing with flows of similar

andwidth demand. 

The following idealized example serves to illustrate that the hi-

rarchical weighted scheduling process works as intended. 

Assume C = 100 . Each flow in bin j has identical demand r j as

hown in Table 1 and a weight w i = 1 . 0 . Then the aggregate de-

and for each bin 

ˆ R j is r j multiplied by the number of flows in

in j and ω j is equal to the number of flows in bin j . 

Processing this data using weighted per-bin loads with the

tandard weighted max-min fair algorithm produces the correct

er bin allocations and consequently the correct per flow alloca-

ions shown in Table 2 . 

http://sourceforge.net/p/nsnam/patches/24/


154 G. Hong, J. Martin and J. Westall / Computer Networks 150 (2019) 150–169 

Table 1 

Bin assignments and flow de- 

mands. 

Bin Flows r j ˆ R j 

1 20 3 60 

2 3 6 18 

3 1 10 10 

4 2 20 40 

Table 2 

Weighted max-min fair bin and flow allo- 

cation. 

Bin Flows Bin alloc Flow alloc 

1 20 60.0 0 0 3.0 0 0 

2 3 18.0 0 0 6.0 0 0 

3 1 7.333 7.333 

4 2 14.667 7.333 
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3.2. Implementation of ABB 

In this section we present the design of our ABB system. Low

level details of our ns-2 implementation can be found in [30] . 

3.2.1. The binning system 

A small number (3 to 5) of bins are statically allocated. A single

FCFS packet queue is associated with each bin. Capacity of each

queue is managed using independent instances of drop-tail CoDel.

Parameters for CoDel such as target delay and control interval are

those given in [3,4] . 

Each bin has an associated value of C j , the upper bound on

weighted bandwidth consumption of member flows, and ω j the

sum of all member flow weights. C j and ω j are dynamic and re-

computed at each flow remapping. 

3.2.2. The flow management system 

The flow management system is responsible for maintaining a

dynamic list of active flows where an active flow is defined as

one generating downstream traffic at a rate exceeding a minimum

threshold. 

At each remapping time t , every flow’s bandwidth consumption

is computed as an exponentially decaying moving average: 

r t i = 0 . 4 × bits/τ + 0 . 6 × r t−τ
i 

where τ is the length of the remapping interval and bits is the

number of bits transmitted on behalf of flow i in [ t − τ, t] . 

State variables associated with each flow are its weight w i , cur-

rent bandwidth consumption estimate r i and the identity j of the

bin to which it is presently bound. 

3.2.3. The scheduling system 

The mission of the outer scheduler is to select the bin to

be served when a downstream transmission opportunity occurs.

Transmission opportunities are created when a packet is enqueued

and the medium is idle or when a transmission completes. The

scheduler is implemented as weighted DRR with bin j having

weight ω j . In our implementation, the deficit counter of a back-

logged bin, j , is incremented by the size of one maximum MTU

Ethernet packet multiplied by the bin’s current weight, ω j , at the

start of each round. 

The inner scheduler is FCFS augmented by drop tail CoDel. 

3.2.4. The reclassification system 

At the end of every reclassification time interval τ , the oper-

ational parameters of the ABB system are recomputed. For every

active flow, f , the flow’s estimated consumption rate is updated as
i 
reviously described. The value of C j , the maximum weighted per-

ow consumption allowed in bin j is recomputed for all bins. Each

ow, i , is then assigned to the bin j whose C j is the first C j that ex-

eeds r i / w i . Then the bin weights ω j = 

∑ 

f m 
w m 

for flows f m 

bound

o bin j are recomputed for all bins. Though the reclassification op-

ration runs with a complexity of O ( n ), where n is the number of

ows, it is appropriate to run it only once per several thousand or

ven more packets scheduled. 

.2.5. Computing the bin bandwidth thresholds 

We now describe the procedure for computing the bin band-

idth consumption thresholds, C j . For the results reported in this

tudy, we employed a method that is loosely based on finding the

ax-min fair allocation for aggregate groups of flows. We call this

ethod the max-min fair breakpoint guided approach. 

A simple, though unrealistic, example illustrates the approach.

uppose the shared medium downstream has a capacity of

0 Mbps and six flows of equal weight have demands of 4, 6, 7, 8,

, and 10 Mbps, respectively. In computing the max-min fair share

or the flows, the first max-min fair breakpoint is the total capacity

ivided by the total number of flows which is 40 / 6 = 6 . 7 . With this

reakpoint, the demands of the first two flows can be completely

atisfied with a remaining capacity of 30 Mbps to be shared among

he four remaining flows. Consequently, the next breakpoint is thus

0 / 4 = 7 . 5 and the demand of the third flow can be satisfied leav-

ng 23 Mbps unallocated. The third max-min fair breakpoint is then

3 / 3 = 7 . 7 , Since the demands of the remaining flows exceed 7.7

hey each receive 7.7 Mbps. Assuming there are four bins then

he consumption thresholds are C 1 = 6 . 7 , C 2 = 7 . 5 , C 3 = 7 . 7 , and

 4 = C = 40 . Flows 1 and 2 are assigned to bin 1, flow 3 to bin 2,

o flows to bin 3, and flows 4, 5, and 6 to bin 4. If the system

ad been configured with only three bins a perfect mapping could

lso have been achieved since no flows were associated with the

.7 Mbps break point. 

Nevertheless, since the number of flows is variable and poten-

ially large, the number of max-min fair break points capturing at

east one flow can certainly exceed the fixed number of bins. In

act it can be shown that for any number of flows n , it is possible

o construct an increasing sequence of demands r 1 < r 2 < . . . . < r n 
uch that each r i is a max-min fair break point and consequently

ach flow is technically “entitled” to its own bin. Obviously in this

ase, (r i +1 − r i ) → 0 as i → n . 

Therefore, when the number of breakpoints exceeds the num-

er of bins the following steps can resolve the issue: 

• Eliminate any breakpoints with no associated flows (e.g. the

7.7 Mbps breakpoint in the preceding example). 

• Bins in which all flows are receiving their current demands can

be merged (e.g. bins 1 and 2 in the preceding example). 

• Identify the breakpoint C j for which C j+1 − C j−1 is minimal and

eliminate C j or 

• Identify the breakpoint C j for which the number of flows having

demand between C j and C j−1 is minimal and eliminate C j−1 . 

.2.6. Avoiding out of order packet transmissions 

While a flow is bound to a particular bin, its packets will be

ent in FCFS order under ABB. When a flow is moved to another

in, packets may remain in the queue of the previous bin and dur-

ng a small window of time on the order of the CoDel target delay,

t would be possible for packets to be sent out of (global) FCFS or-

er. 

If the CoDel target delay is 20 ms and the reclassification in-

erval is set to 1 s, the degree of potential packet reordering is es-

imated to be no more than 0 . 02 / 1 = 2% . Although the potential

eordering does not appear to be a significant issue it could have

ome negative effect over the TCP performance. 
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Fig. 3. Addressing packet reordering issue by bin plugging. 
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The same packet reordering problem exists with other sched-

lers such as SFQ when periodical perturbation of the hash func-

ion is performed. But the problem was not raised and addressed

n [21] . However the SFQ code in Linux kernel rehashes the

ld packets whenever perturbation occurs. The rehashing involves

oving packet from one bin to another and inserting packets in

hronological order. This can be quite costly. The FQ-CoDel code in

he Linux kernel, on the other hand, does not do periodical pertur-

ation and therefore avoids the need of rehashing. This of course

omes at the expense of possibly less throughput for flows that

ollide. The odds of such collision are discussed in [27] and poten-

ial collisions are simply accepted. 

We address the out-of-order issue with a low complexity solu-

ion illustrated in Fig. 3 using three bins as an example. First, pack-

ts are scheduled normally from the bins ( Fig. 3 (a)). At each flow

eclassification, if there is any flow moving to a new bin, all bins

osing or gaining flows are “plugged” ( Fig. 3 (b)). The ‘plugs’ serve

he purpose of dividing the unsent old packets from the incoming

ew packets that continue to be queued normally. The old pack-

ts from all bins will continue to be scheduled normally until one

f the plugs reaches the head of its queue. From this time on, any

ueue that has its plug at its head is temporarily suspended from

cheduling ( Fig. 3 (c)) preventing the new packets from being sent

efore the old packets queued before the remapping. The tempo-

ary scheduling suspension of a bin continues until the plugs of

ll bins reach their bin heads ( Fig. 3 (d)). At this time, all plugs are

emoved and the bins return to the normal scheduling as before

 Fig. 3 (a)). 

Between the time the first plug hits its bin head and the bin

as at least one packet after the plug and the time all plugs hit
heir bin heads, there is a period of time during which normal bin

cheduling is temporarily disrupted. We call such period of time

isruption time. We will show that the disruption is negligible. 

. Simulation setup 

Our studies are carried out in a simulated DOCSIS 3.x cable en-

ironment on the ns-2 simulator [28] . The support for DOCSIS in

s-2 was developed in prior work [31] . 

.1. Simulated network 

Fig. 4 illustrates the simulated network used in the studies. We

odel a single DOCSIS MAC domain in which one CMTS interacts

ith a number of CMs. In the DOCSIS 3.0 case, the model assumes

hannels that offer downstream and upstream physical layer data

ates of 42 and 30 Mbps respectively. For DOCSIS 3.1, we assume

he physical layer data rates of 1 Gbps and 100 Mbps for down-

tream and upstream channels respectively. 

Each CM represents a subscriber who, in practice, might have

ultiple TCP/IP devices interacting with a variety of Internet ser-

ices. However, in the simulations described below, each CM hosts

 single IP data flow. Various link speeds and delays in the figure

an be configured to model Internet path diversity. 

The simulated network also includes a regulator to support the

onventional service tiering model based on a maximum sustained

ervice rate. The regulator can be either enabled or disabled, but

as disabled for the results reported here. 

Our simulations involve workloads consisting of a number of

raffic types including FTP, HTTP Adaptive Streaming (HAS), web,

xponential on/off, and CBR traffic. Other than HAS, the traffic

odels we use are those provided in ns-2. Details of the operation

f the HAS model are found in [32] and [30] . 

.2. Simulation definition 

We compare the downstream performance of ABB to several al-

ernative bandwidth management systems. We use weighed DRR

ith per-flow queuing and CoDel as the reference for performance

valuation because weighted DRR is max-min throughput fair, and

he addition of CoDel provides the desired control of latency. 

We also evaluate the performance of SFQ-CoDel and single

ueue FCFS with CoDel. Our implementation of SFQ-CoDel is

dapted from [29] to work in our DOCSIS simulation framework.

he FCFS single-queue CoDel is adapted from an open source tail-

rop variant of CoDel for DOCSIS. 

Our analysis covers several scenarios using varying numbers of

ownstream application flows, traffic loads, and traffic types. The

imulated client sides of these applications run on nodes attached

o cable modems. The simulated servers run on nodes located out-

ide the cable network. The cable network end point of each sim-

lated flow is attached to a unique cable modem. 

To model Internet path diversity, the propagation delays of the

pplication server access links are considered as simulation param-

ters. In each set of simulations, we maintain consistent path RTTs

either using same RTTs for all flows or maintaining same average

TTs among classes of flows). 

The maximum buffer size setting can have significant impact

n results for queue managers other than delay-based AQMs. For

elay-based AQMs, the maximum buffer size setting is less sig-

ificant as long as the buffer size is large enough to accommo-

ate occasional bursts. For the results reported here, the maximum

uffer size at the CMTS for delay-based AQMs supports a maxi-

um 150 ms queuing delay. 

In the simulations presented, all network layer PDUs are 1500

ytes. The bandwidth delay product of a round trip path consisting
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Fig. 4. Simulation network model. 
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of heterogeneous links is properly computed as the bit rate of the

bottleneck link multiplied by the path RTT. Assuming fixed packet

size of 1500 bytes and RTT of 100 ms, the bandwidth product is

8333 packets for a data rate of 1 Gbps and 350 for a data rate of

42 Mbps. Maximum buffer capacities at the simulated routers are

set large enough to ensure that, in the absence of AQM, all TCP

senders can always have the full bandwidth delay product of un-

acknowledged packets in the pipeline. 

The maximum buffer capacity at CMTS is set to 11,875 pack-

ets for 1 Gbps D3.1 channel or 457 packets for 42 (38) Mbps D3.0

channel. The settings are equivalent to a 150 ms max standing

queue. 

The TCP configuration for the ns-2 simulator include following

settings: 

• TCP: TCP/Sack (ns-2 TCP agent: Agent/TCP/Sack1), 

• Maximum window/cwnd: 10 0 0 0 segments (for D3.0 channel)

or 65536 segments (for D3.1 channel), 

• Initial window: 2 segments, 

• Delayed ACK mean interval: 100 ms, 

• Maximum segment size: 1460 bytes, 

• Number of segment arrivals required to trigger an ACK: 2. 

For the workload involving HAS, the ns-2 Agent/TCP/FullTCP/

Sack was used for HAS. 

For CoDel, we configure the target delay to be 0.020 s. The orig-

inal CoDel recommends a target delay of 0.005 s. We determined

that a setting of 0.020 s provided more predictable results in our

scenarios, especially in scenarios that involved a small number of

high speed TCP flows. The interval parameter is set to 0.100 s. Fol-

lowing the recommendation, SFQ-CoDel is configured to use 1024

bins as in the original code. 

For ABB, we ran the simulations with a small number of bins

(2, 3, and 4 in most cases). The reclassification interval is set to

1 s. Each flow’s bandwidth consumption is computed as an auto

regressive moving average as previously described. 

We decompose our analysis into two sets of simulations as

shown in Table 3 . The first set is limited to a single bandwidth tier

with a D3.0 PHY layer channel speed of 42 Mbps. Objectives in-

clude evaluating the ability of ABB to mitigate TCP RTT unfairness,

provide flow isolation, ensure low latency, and adapt to changing

workload. 

In the second set, the analysis is conducted in a multi-tier envi-

ronment with a D3.1 PHY layer channel speed of 1 Gbps. We focus

on evaluating the ability of ABB to provide weighted fairness based
n flow tiers, and to provide flow isolation with respect to unre-

ponsive UDP flows. We also explore the ability of ABB to operate

ith realistic traffic workloads involving FTP, HAS, and web flows. 

.3. Defining and assessing fairness 

In the context of bandwidth management, we assess only the

hroughput fairness in contrast to latency or jitter fairness, which

s the focus of other work such as WF 2 Q [33] . Defining fairness is

hallenging as the term has different meanings in different con-

exts. For packet scheduling based on approximations of fair queu-

ng (e.g., WFQ [15] , SCFQ [16] ), fairness is assessed on packet trans-

ission time scales. 

In a scheduling environment that is based on single queue AQM

uch as AFD [34] and AFCD [26] that attempt to isolate “elephant”

ows from “mice” flows, the definition of fairness is significantly

elaxed. A measure such as Jain’s Fairness Index (JFI) [35] com-

uted based on hundreds of seconds are common. 

JFI is a widely used assessment on how achieved resource allo-

ation differs from the desired outcome. Suppose there are n com-

eting flows. Let x i = 

T i / r i where T i is the achieved throughput of

he i -th flow and r i is the desired weighted fair share outcome. JFI

s defined as: 

FI (x ) = 

[∑ n 
i =1 x i 

]2 

n 

∑ n 
i =1 x 

2 
i 

, x i ≥ 0 

An alternative fairness index is called the min-max ratio. It is

efined as: 

MR (x ) = 

min i { x i } 
max i { x i } , x i ≥ 0 

oth indexes range from 0 to 1, with ideal fairness represented by

 value of 1. 

We assume that weighted max-min fair throughput allocation

riterion is the desired fairness objective. It has been shown that

acket scheduling algorithms that implement close approximations

f weighted fair queuing, such as weighted DRR packet scheduling

36] , can achieve weighted max-min fairness. 

We assess throughput fairness over time scales of multiple

econds or minutes using JFI and MMR to quantify fairness in

chieved throughput among competing flows. The standard devi-

tion (Stddev) and coefficient of variation (CoV) are also occasion-

lly used. 
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Table 3 

Simulation definition. 

Set Simulation Summary 

Single 

Tier 

BASE For different simulation runs, varies the number of competing downstream FTP flows. Used to assess performance 

over different workloads. 

ME Runs a mix of small mice and large elephant flows to assess the stability of the approach. 

Multi 

Tier 

TIER Similar to BASE but adding a number of Tier2 and Tier4 flows for different runs. Used to assess performance in a 

tiered environment. 

UDP Runs 11 FTP flows per tier at Tier1, Tier2, and Tier4. Each tier also runs one UDP/CBR flow sourced at 50 Mbps. Used 

to assess UDP flow isolation performance. 

APP Runs 10 FTP, 30 web, and 60 HAS flows with different configurations to assess application performance. 
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Table 4 

One flow per bin with d i = (C i −1 + C i ) / 2 . 

i d i C i W i R i 

1 3.200 6.400 6.40 0e + 0 0 124.800 

2 6.484 6.568 1.684e-01 118.316 

3 6.571 6.573 4.678e-03 111.745 

4 6.573 6.573 1.376e-04 105.172 

5 6.573 6.573 4.300e-06 98.599 

: : : : : 

20 6.573 6.573 0.0 0 0e + 0 0 0.0 0 0 

Table 5 

One flow per bin with d i = C i −1 + ε. 

i d i C i W i R i 

1 0.0 0 0 6.400 6.40 0e + 0 0 128.0 0 0 

2 6.400 6.737 3.368e-01 121.600 

3 6.737 6.756 1.871e-02 114.863 

4 6.756 6.757 1.101e-03 108.108 

5 6.757 6.757 6.880e-05 101.351 

: : : : : 

20 6.757 6.757 0.0 0 0e + 0 0 0.0 0 0 
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Results from our simulation studies are presented in

ections 6 and 7 . Each section corresponds to each set of

imulations in Table 3 . Common performance metrics we use

nclude measurements of throughput and packet delay. A number

f application specific performance metrics we use are given in

30,32] . 

. Parameter selection and analysis 

It is necessary to define two parameters when configuring an

BB system: the number of bins k and the reclassification interval

. In this section we describe the way in which our binning algo-

ithm and workload characteristics determine reasonable parame-

er choices. 

.1. Number of bins 

The number of useful bins in an ABB system is inherently lim-

ted by the nature of the max-min fair breakpoint guided binning

lgorithm and the characteristics typical of Internet flows. 

.1.1. Binning algorithm constraints 

As previously described the standard max-min fair algorithm

or bandwidth allocation is driven by: the number of flows n ,

he capacity of the shared link C , and the demand of each flow

 i (1 ≤ i ≤ n ). In the Internet, the transmission rate of most flows is

educed by the source of the flow in response to congestion in-

icators. Therefore, there is no reliable way for an ABB router to

dentify the true demand d i of any given flow. Consequently, in the

BB system, demand d i is estimated as a moving average of recent

andwidth consumption. 

Given n flows { f i : i = 1 , . . . , n } , let d i now represent the esti-

ated demand of flow i , and assume that the flows are ordered

uch that d i < d j for i < j . Let C j represent the upper bound on de-

and, d i , for flows belonging to bin { b j : j = 1 , . . . , k } . Let W j =
 j − C j−1 represent the bandwidth of bin b j . Let { n j : j = 1 , . . . , k }
epresent the number of flows in bin b j . Then n = 

∑ k 
j=1 n j . 

From the max-min fair algorithm, C 1 = C/n, C k ≤ C , and by

onvention C 0 = 0 . Depending on the value of the demands

 i (1 ≤ i ≤ n ), the number of occupied max-min fair bins can range

rom 1 to n . If d i < C / n ∀ i , then each flow, f i , maps to bin b 1 and

ts allocation a i is d i . If d i > C / n ∀ i , then each flow, f i , maps to bin

 2 and its allocation a i is C 1 . This is a scenario where there is only

ne useful bin occupied by all flows. 

The following procedure can be used to construct a sequence of

emands d i that produces n distinct bins with each bin occupied

y only a single flow. Since the mapping of flow to bin is one to

ne in this case, let the subscript i below refer to both a flow and

ts corresponding bin. Let R i be the residual capacity after flow, f i ,

s assigned to bin b i . The underlying idea is for d i to lie halfway

etween C i −1 and C i . Initialize by setting R 0 = C, and d 0 = C 0 = 0 .

hen repeat the following steps for i = 1 to n : 
1. C i = R i −1 / (n − i + 1) 

2. d i = a i = (C i + C i −1 ) / 2 

3. R i = R i −1 − a i 

We illustrate the procedure with C = 128 Mbps and n = 20

ows. The results are shown in Table 4 . The table shows that the

andwidth, W i , of the individual bins rapidly converges to 0 as C i 
onverges to 6.573. Consequently, the bins useful for distinguishing

ow demands are limited to just a few: [0, 6.4], (6.4, 6.568], and

ossibly (6.568, 6.573]. 

It is natural to ask if there are different demand sets that will

rovide more widely dispersed bin boundaries. Bin size separation

an be maximized for a single flow per bin system by letting d i =
 i −1 + ε. In the limit as ε → 0, the bin boundaries shown in Table 5

re realized. Here the potentially useful bins, again limited to just

 few, are [0, 6.4], (6.4, 6.737], and (6.737, 6.757]. 

A more useful and realistic modification to the demand pro-

le also produces better bin separation than single flow per bin.

n this case we create demands that map m flows to each bin.

his obviously reduces the number of distinct bins by a factor of

 . Small changes to the procedure previously presented generate a

et of m demands such that the mean value of the m demands is

(C i + C i −1 ) / 2 . These results are shown in Table 6 with m = 4 . The

andwidth decays more slowly but there is still a little separation

eyond the first 2 bins. Each line in this table represents the char-

cteristics of four flows ( f i −3 , f i ) that occupy bin b j . 

It is possible to reduce further the decrease in bin bandwidth

y creating demands d i such that the bin populations n j decrease

xponentially. When this is done, the number of possible bins is

og 2 (n ) + 1 . For the results shown in Table 7 the values of n j are

6, 8, 4, 2, 1, 1 and the mean demand of the flows in bin j is
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Table 6 

Four flows per bin with d̄ i = (C i −1 + C i ) / 2 . 

i d i C i W i R i 

4 3.200 6.400 6.40 0e + 0 0 115.200 

8 6.800 7.200 8.0 0 0e-01 88.0 0 0 

12 7.267 7.333 1.333e-01 58.933 

16 7.350 7.367 3.333e-02 29.533 

20 7.375 7.383 1.667e-02 0.033 

Table 7 

Exponentially decaying flows per bin with d̄ i = 

(C i −1 + C i ) / 2 . 

i d i C i W i R i 

16 2.0 0 0 4.0 0 0 4.0 0 0e + 0 0 96.0 0 0 

24 5.0 0 0 6.0 0 0 2.0 0 0e + 0 0 56.0 0 0 

28 6.500 7.0 0 0 1.0 0 0e + 0 0 30.0 0 0 

30 7.250 7.500 5.0 0 0e-01 15.500 

31 7.625 7.750 2.500e-01 7.875 

32 7.812 7.875 1.250e-01 0.062 

Table 8 

Exponentially decaying flows per bin with d̄ i = C i −1 + 

ε/n j . 

i d i C i W i R i 

16 0.0 0 0 4.0 0 0 4.0 0 0e + 0 0 128.0 0 0 

24 4.0 0 0 8.0 0 0 4.0 0 0e + 0 0 96.0 0 0 

28 8.0 0 0 12.0 0 0 4.0 0 0e + 0 0 64.0 0 0 

30 12.0 0 0 16.0 0 0 4.0 0 0e + 0 0 40.0 0 0 

31 16.0 0 0 20.0 0 0 4.0 0 0e + 0 0 24.0 0 0 

32 20.0 0 0 24.0 0 0 4.0 0 0e + 0 0 4.0 0 0 
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(C j + C j−1 ) / 2 as before. The bandwidth in this case is still decaying

exponentially fast with W j = 4 / 2 j−1 . 

Finally, in the limit it is possible to craft a set of populations, n j ,

and demands d j such that the bin bandwidth does not decay at all.

In this case we let the n j decay exponentially as above and we let

d i = C j−1 + ε/n j for all flows in bin j . Then in the limit, as ε → 0 the

bin boundaries shown in Table 8 are obtained. The residual R 32 = 4

occurs because the max-min fair share for flow f 32 = 24 , but its

demand d 32 = 20 . 

We conclude that the maximal useful number of max-min fair

bins is log 2 (n ) + 1 where n is the number of flows, but for realistic

demand sets it likely to be 4 or 5 bins at the very most. 

5.1.2. Impact of flow characteristics 

The characteristics of realistic Internet traffic flows are also con-

sistent with the use of a relatively small number of bins. The de-

mand of a flow is said to be elastic if the demand is effectively

unbounded. For example, an FTP file transfer has elastic demand.

In contrast, a flow consisting of uncompressed CD quality stereo

audio is inelastic . Its demand is fixed at 88 Kbps. 

A flow is said to be responsive if it reduces its transmitting rate

in response to network congestion. A flow is said to be unrespon-

sive if it transmits at a static rate d i = 

ˆ d i regardless of congestion

indicators. 

The objective of the response mechanism is to limit the rate

at which packets of the flow are being transmitted by the source

host to the approximate rate at which the packets of the flow

are presently being forwarded by the bottleneck router. The most

widely used mechanism for implementing the response mecha-

nism is the additive increase with multiplicative decrease (AIMD)

system used in standard implementations of the TCP protocol. A

well-known disadvantage of the AIMD mechanism is that it in-

troduces an RTT unfairness among competing responsive flows in

which the throughput of a flow is inversely proportional to its RTT.

Gavaletz and Kaur [37] show that RTT unfairness pertains to ev-
ry end-to-end congestion management system that operates at an

TT-long time scale. 

As previously noted the ABB algorithm uses a moving average

f recent throughput to estimate d i . We will use ˆ d i to refer to the

rue demand of an inelastic flow. Since the ABB algorithm is ap-

lied to measured throughput, d i , it will always be the case that
 n 
i =1 d i ≤ C. Consequently, C k ≤ C and in applying the max-min fair

reakpoint binning algorithm, it will always be the case that when

 i is mapped to bin j , then a i = d i ≤ C j ∀ i . 

It might seem surprising that an algorithm that always finds the

xisting bandwidth allocation to be max-min fair with respect to d i 
roduces a bin mapping that results in a bandwidth allocation that

pproximates max-min fairness with respect to the underlying true

emands, ˆ d i . This occurs because flows that have similar values of

 i inherently compete fairly within the queue to which they have

een assigned, and the weighted DRR scheduling of the competing

ins generally enforces inter-bin fairness. 

In the long term scheduling of steady-state flows, the objective

f the ABB system is to obtain approximate max-min fair schedul-

ng. It does so by distributing the flows as follows: 

1. Bin 1 contains flows with inelastic demands for which d i ≤ C / n .

These flows may be responsive or unresponsive and have no

negative impact on other flows. In the stable state this bin will

experience no queuing loss. 

2. Bin k , the last bin, contains the unresponsive flows having de-

mand d i that exceeds the demand of all responsive flows. High

demand unresponsive flows can be identified via their queuing

loss rate or other means. These flows do not compete fairly in

a queue with any other type of flows or each other and must

be quarantined. 

3. Bin 2 through bin k − 1 are used to group flows for which

d i > C / n but less than that of bin k flows into bins whose

boundaries are computed by the max-min fair breakpoint bin-

ning algorithm. The flows that get mapped to bin b j have

demands d i such that C j−1 < d i < C j . Consequently the flows,

which can include responsive and unresponsive flows with

both elastic and inelastic demands, do share similar observed

throughput. The purpose of these bins is to compensate for RTT

unfairness and unfairness due to differences in the underly-

ing demand, ˆ d i , which can be reflected in achieved throughput,

d i . If significant RTT disparities exceed the number of available

bins, a flow will periodically migrate between adjacent bins to

mitigate the unfairness. 

To corroborate the above analysis, we ran additional simula-

ions. The results were consistent with the analysis. In the follow-

ng, all simulations with their results reported in the next two sec-

ions are thus configured to use no more than 5 bins. 

.2. Reclassification interval 

The reclassification interval, τ , in this paper is one second. It

as experimentally selected by noting when additional runs of our

est workloads with smaller intervals did not significantly alter the

esults. The binning boundaries for the stochastically static work-

oads used in this section converge to their final values in about

0 s. 

In general proper value of τ is clearly strongly dependent on

he mean duration of the flows comprising the workload along

ith the variability of ˆ d i during the life of each flow. For any fixed

, it would be easy to configure a workload that would perform

oorly. This indicates that ideally τ should be dynamic, but that is

n issue we leave for future research. 
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Table 9 

Simulation BASE TCP throughput (Mbps): mean / CoV / sum. 

#FTPs 3 5 7 9 11 

DRR-CoDel 12.1 / 0.03 / 36.4 7.4 / 0.04 / 37.0 5.3 / 0.05 / 37.2 4.1 / 0.06 / 37.3 3.4 / 0.07 / 37.4 

SFQ-CoDel 12.2 / 0.03 / 36.5 7.4 / 0.03 / 37.1 5.3 / 0.04 / 37.2 4.1 / 0.05 / 37.3 3.4 / 0.06 / 37.4 

ABB-2 12.1 / 0.04 / 36.3 7.4 / 0.04 / 36.9 5.3 / 0.06 / 37.3 4.2 / 0.07 / 37.4 3.4 / 0.09 / 37.4 

ABB-3 12.1 / 0.05 / 36.4 7.4 / 0.04 / 37.0 5.3 / 0.04 / 37.2 4.2 / 0.06 / 37.4 3.4 / 0.07 / 37.4 

ABB-4 12.1 / 0.05 / 36.4 7.4 / 0.04 / 37.0 5.3 / 0.04 / 37.2 4.2 / 0.05 / 37.4 3.4 / 0.06 / 37.4 

CoDel 12.1 / 0.19 / 36.3 7.4 / 0.24 / 37.2 5.3 / 0.28 / 37.4 4.2 / 0.31 / 37.4 3.4 / 0.36 / 37.4 
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Fig. 5. Simulation BASE throughput fairness results. 
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. Results and analysis – single tier 

In this section we present the results of the single tier set of

imulations shown in Table 3 . The objective of this set of simula-

ions is to evaluate the effectiveness of the ABB scheme in provid-

ng fairness and controlling latency. 

The ABB results are obtained from using 2, 3, and 4 bins re-

pectively. They are referred to as ABB-2, ABB-3, and ABB-4. Unless

therwise specified, the reclassification interval τ is set to 1 s. This

alue was chosen based upon the analysis of our preliminary sim-

lations but is definitely not thought to be optimal across differing

orkloads. For this set of simulations, the simulation time is set to

0 0 0 s unless otherwise specified. 

.1. BASE simulation results 

Simulation BASE employs a varying number of FTP flows rang-

ng from three to eleven. The flows compete for a total avail-

ble network layer bandwidth of 38 Mbps. Each simulated FTP

ow starts at a random time within the range of 0.0 to 2.0 s

nd has a unique uncongested path RTT. The mean uncongested

TT of the FTP flows is 80 ms in all cases, but individual FTP

ows have different uncongested path RTTs using the pattern

 80 , 70 , 90 , 60 , 100 , . . . } ms. 

Fig. 5 shows the throughput fairness results from five simula-

ion runs with different number of FTP flows. In general, the fair-

ess from all schemes in comparison is shown to get worse as the

umber of flows increases. As shown in our prior work [32] , this is

rimarily a function of the disparity in the uncongested path RTTs.

t is known as TCP RTT unfairness. 

DRR-CoDel provides fairness closest to max-min fairness. In re-

ults not shown, DRR without CoDel is max-min fair, but has much

igher variation in latency than obtained with AQM. SFQ-CoDel has

lmost identical fairness to that of DRR-CoDel. This is not surpris-

ng because the number of bins in use by SFQ-CoDel far exceeds

he number of flows. Consequently, the chance of collision is very

mall. The single-queue CoDel is shown to be much less fair espe-

ially with wider RTT disparities. Overall the long term fairness of

he ABB scheme is very close to that of SFQ-CoDel and DRR-CoDel.

ith the use of more bins, ABB scheme in general is able to better

ddress the RTT unfairness issue. 

Fig. 6 shows moving throughput fairness computed in windows

f 30 s of simulated time for the run of nine FTP flows. Results for

he 3 ABB schemes along with single queue CoDel are shown. For

ll ABB schemes, the fairness over time is both stable and close

o that of long term fairness shown in Fig. 5 . For other runs of

ifferent number of FTP flows, the results are similar. These results

ndicate that the ABB scheme is able to provide reasonable fairness

ver a time scale that is an order of magnitude higher than the

eclassification interval. 

Table 9 summarizes the throughput results by the FTP flows

nder different schemes. The three values shown in each block

re the mean throughput per flow, the coefficient of variation of

hroughput across the flows, and the aggregate throughput. DRR

ithout CoDel achieved 37.4 Mbps of aggregate throughput in all
ases. This indicates that the slightly lower aggregate throughput

chieved for smaller numbers of flows is caused by AQM. When

ompared to the DRR-CoDel, the total throughput results from the

BB scheme with 3 and 4 bins are shown to be the same or

ccasionally higher. This suggests that the ABB scheme provides

ood utilization of the channel capacity. The coefficient of varia-

ion (CoV) values are consistent with Fig. 5 . 

.1.1. Latency control 

Table 10 shows the average RTT experienced by the TCP/FTP

ackets. The average RTT includes the inherent path delay plus the



160 G. Hong, J. Martin and J. Westall / Computer Networks 150 (2019) 150–169 

Table 10 

Simulation BASE TCP RTT: mean / stddev. 

#FTPs 3 5 7 9 11 

DRR-CoDel 0.087 / 0.008 0.088 / 0.013 0.088 / 0.019 0.089 / 0.024 0.091 / 0.030 

SFQ-CoDel 0.088 / 0.008 0.088 / 0.013 0.087 / 0.019 0.088 / 0.024 0.089 / 0.029 

ABB-2 0.087 / 0.007 0.088 / 0.013 0.090 / 0.018 0.092 / 0.023 0.094 / 0.028 

ABB-3 0.087 / 0.007 0.087 / 0.013 0.088 / 0.018 0.090 / 0.023 0.092 / 0.029 

ABB-4 0.087 / 0.007 0.087 / 0.013 0.088 / 0.018 0.089 / 0.024 0.091 / 0.029 

CoDel 0.092 / 0.008 0.095 / 0.014 0.098 / 0.020 0.100 / 0.026 0.101 / 0.032 

Fig. 6. Simulation BASE throughput fairness results over time. 
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queuing delay. Subtracting the inherent average uncongested path

RTT of 80 ms, the values meet the target delay of 20 ms set for

CoDel. As the number of flows increases, the RTT variations in-

crease. This reflects our varied settings of the uncongested RTTs for

different flows. ABB-3 and ABB-4 are shown to provide good delay

performance comparable to that of DRR-CoDel and SFQ-CoDel. 

6.1.2. Dynamic behavior of ABB 

Table 11 illustrates the dynamic behavior of the ABB scheme.

The results provide per-flow bin switches and the rate of such

switching. The switching rate is the number of switches per sec-

ond per flow. Therefore 1213 switches over the 20 0 0 s of simula-
ion for 3 FTP flows yields a rate of 1213 / 3 / 20 0 0 = 0 . 202 . The ta-

le also provides the disruption time and ratio due to queues being

lugged to prevent packet reordering. The ratio is calculated as the

otal disruption time divided by the total simulation time. 

As the number of flows increases, the rate of per-flow bin

witches goes up reflecting the wider RTT gaps among the flows

nd the scheme’s responsiveness to the workload changes. The dis-

uption time and ratio remain to be very low showing that our so-

ution to resolve packet reordering issue works well as workload

ncreases. 

We caution that the rate of flow bin switches is not an indica-

or of system instability. The ability of the scheme in approximat-

ng long term fairness is built upon the idea of having flows switch

ins by responding to the changes of flow consumption levels. So

 reasonably high switching rate can be a healthy indicator that

he system is operating properly when the system is loaded. This

s especially true in the case of greedy TCP flows. Due to TCP being

esponsive, TCP flows are likely operating around their fair share,

oving back and forth among a few bins. In this case, the legiti-

ate concern is how such switches can cause disruption in terms

f the above disruption time and ratio measurements. The above

esults show in the case of TCP flows the system gives rise to very

ittle disruption. 

.2. Mice / elephant ( ME ) simulation results 

The set of ME simulations is used to evaluate the throughput

airness among long-lived greedy “elephant” flows in the presence

f large number of short-lived on-off “mice” traffic flows under

BB. We are also interested in the dynamic behavior of the scheme

ith this type of traffic load. 

The first variant, called ME1, runs 36 concurrent on/off TCP

mice” flows. Time in the on state is uniformly distributed in [2,

] and has a mean of 3 s. Off time is three times the preceding on

ime. Transmit rate in the on state is 2.0 Mbps. Consequently, each

ow generates an average rate of 500 Kbps, and the aggregate load

verages 18 Mbps. 

For all “mice” flows the time between packet transmissions is

xponentially distributed. The mean is set to produce the target

ransmission rate in the on state. 

Four always on “elephant” TCP/FTP flows sourced from four

eparate FTP servers compete with the on/off flows. Given a 38

bps channel capacity, the max-min fair allocation for the FTP

ows is 5 Mbps each. All flows have their uncongested path RTTs

et to the same 80 ms. We also set the FTP server link speeds to 5,

0, 20, and 10 0 0 Mbps to see if the diverse server links that exist in

he Internet may have any impact over the bandwidth allocations. 

Table 12 provides the throughput results of ME1. When com-

ared to schemes such as DRR-CoDel and SFQ-CoDel, the FTP

hroughput CoV values for ABB-2, ABB-3, and ABB-4 are all sim-

larly small. This suggests that the ABB scheme is able to main-

ain similarly good fairness under this type of traffic load. It does

ot appear that the FTP server access link speeds have signifi-

ant impact over the bandwidth allocation as long as the access

ink speeds are above the fair bandwidth share of a flow. Single



G. Hong, J. Martin and J. Westall / Computer Networks 150 (2019) 150–169 161 

Table 11 

Simulation BASE – ABB dynamic behavior. 

#FTPs 3 5 7 9 11 

Number of Bin Switches (rate) 

ABB-2 1213 (0.20) 2668 (0.27) 4059 (0.29) 5718 (0.32) 7266 (0.33) 

ABB-3 1543 (0.26) 4338 (0.43) 6772 (0.48) 8393 (0.47) 10,268 (0.47) 

ABB-4 1514 (0.25) 4381 (0.44) 7280 (0.52) 10,055 (0.56) 12,045 (0.55) 

Disruption Time (ratio) 

ABB-2 2.7 (0.001) 7.2 (0.004) 10.9 (0.005) 12.5 (0.006) 12.3 (0.006) 

ABB-3 4.1 (0.002) 8.0 (0.004) 11.3 (0.006) 13.2 (0.007) 16.1 (0.008) 

ABB-4 3.8 (0.002) 8.2 (0.004) 11.3 (0.006) 13.8 (0.007) 16.8 (0.008) 

Table 12 

Simulation ME1 flow throughput (Mbps) (mean / CoV / sum). 

Scheme FTP On-off Total 

DRR-CoDel 4.12 / 0.02 / 16.47 0.53 / 0.08 / 19.15 35.63 

SFQ-CoDel 4.24 / 0.03 / 16.95 0.51 / 0.09 / 18.45 35.41 

ABB-2 4.31 / 0.06 / 17.26 0.52 / 0.07 / 18.60 35.86 

ABB-3 4.28 / 0.04 / 17.12 0.50 / 0.11 / 17.91 35.03 

ABB-4 4.17 / 0.03 / 16.68 0.51 / 0.07 / 18.35 35.04 

CoDel 4.60 / 0.27 / 18.40 0.51 / 0.10 / 18.53 36.93 

Table 13 

Simulation ME1 flow average RTTs (second) (mean / stddev). 

Scheme FTP On-off Overall Mean 

DRR-CoDel 0.094 / 0.013 0.084 / 0.0 0 0 0.085 / 0.005 

SFQ-CoDel 0.092 / 0.011 0.083 / 0.0 0 0 0.084 / 0.005 

ABB-2 0.097 / 0.011 0.086 / 0.001 0.087 / 0.005 

ABB-3 0.095 / 0.010 0.083 / 0.0 0 0 0.084 / 0.005 

ABB-4 0.094 / 0.010 0.083 / 0.0 0 0 0.084 / 0.005 

CoDel 0.096 / 0.005 0.094 / 0.0 0 0 0.094 / 0.002 

Table 14 

ABB dynamics with simulation ME1. 

Scheme Number of Bin Switches (rate) Disruption Time (ratio) 

ABB-2 5045 (0.06) 8.2 (0.004) 

ABB-3 6160 (0.08) 6.2 (0.003) 

ABB-4 7224 (0.09) 6.5 (0.003) 
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Table 15 

Simulation ME2 flow throughput (Mbps) (mean / CoV / sum). 

Scheme FTP On-off Total 

DRR-CoDel 4.54 / 0.02 / 18.17 0.10 / 0.04 / 18.47 36.65 

SFQ-CoDel 4.56 / 0.01 / 18.25 0.10 / 0.04 / 18.48 36.73 

ABB-2 4.69 / 0.06 / 18.76 0.10 / 0.04 / 18.43 37.19 

ABB-3 4.63 / 0.01 / 18.54 0.10 / 0.04 / 18.48 37.02 

ABB-4 4.63 / 0.01 / 18.51 0.10 / 0.04 / 18.50 37.01 

CoDel 4.67 / 0.23 / 18.68 0.10 / 0.04 / 18.41 37.09 

Table 16 

Simulation ME2 flow average RTTs (second) (mean / stddev). 

Scheme FTP On-off Overall Mean 

DRR-CoDel 0.100 / 0.025 0.092 / 0.0 0 0 0.092 / 0.004 

SFQ-CoDel 0.096 / 0.014 0.090 / 0.0 0 0 0.090 / 0.002 

ABB-2 0.102 / 0.014 0.090 / 0.0 0 0 0.091 / 0.003 

ABB-3 0.097 / 0.011 0.090 / 0.0 0 0 0.090 / 0.002 

ABB-4 0.096 / 0.010 0.090 / 0.0 0 0 0.090 / 0.002 

CoDel 0.097 / 0.005 0.102 / 0.0 0 0 0.102 / 0.001 

Table 17 

ABB dynamics with simulation ME2. 

Scheme Number of Bin Switches (rate) Disruption Time (ratio) 

ABB-2 42 (0.00) 0.1 (0.0 0 0) 

ABB-3 2244 (0.01) 6.1 (0.003) 

ABB-4 2846 (0.01) 6.5 (0.003) 
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ueue CoDel is much less fair and has a much larger CoV. The to-

al throughput under ABB is also comparable to that of DRR-CoDel

nd SFQ-CoDel. This shows that the ABB scheme is able to provide

easonable channel utilization. 

The RTT information for ME1 is given in Table 13 . Similar to

hat of DRR-CoDel and SFQ-CoDel, the average RTT for the on-off

ice flows under ABB is lower than the average RTT for the FTP

ows. On the contrary, as expected, single queue CoDel does not

rovide a lower average RTT for the mice flows because it employs

 single queue. This indicates that the ABB scheme, like DRR-CoDel

nd SFQ-CoDel, is able to provide better flow isolation between

elephants’ and ‘mice’ than does single queue CoDel. 

The dynamic behavior of ABB in terms of flow bin switches and

isruption time in ME1 is shown in Table 14 . The low switching

ate is due to the scheme being able to isolate the mice flows on

he first bin for majority of the time without much switching. The

ow disruption time and ratio show that the bin switches in this

cenario causes little disruption and the scheme behaves well. 

The second variant, called ME2, is similar to ME1 except it runs

80 on/off TCP “mice” flows. On time is constant at two seconds

ith off time also constant at three seconds. The use of expo-

entially distributed inter packet times in the on state reduces

he undesirable synchronization effects associated with fixed hold-

ng times in each state. The transmission rate in the on state is
50 Kbps. The sustained transmission rate for each flow is there-

ore 100 Kbps. 

The results for ME2 are similar to that of ME1. The detailed data

re given in Tables 15–17 . 

The third variant, called ME3, runs 90 low rate on-off flows.

hese flows are identical to the ME2 “mice” flows. There are 90 ad-

itional mid-rate on-off flows whose transmission rates in the on

tate are uniformly drawn from (0.75Mbps, 1.5Mbps) at the start of

ach flow. Holding times in the on and off states remain constant

t two and three seconds for all “mice” flows. The sustained rate

f the low rate on-off flows remains at 100 Kbps. For the mid-rate

n-off flows it varies between 300 Kbps and 600 Kbps. 

The low rate on-off flows have an aggregate demand of 9 Mbps,

nd the mid-rate on-off flows have an aggregate demand of

0.5 Mbps. The 4 FTPs are unchanged. Consequently, ME3 is a

ighly congested scenario. Max-min fair allocation is 100 Kbps for

he low rate flows and 310 Kbps for the mid-rate and FTP flows. 

The throughput and RTT results are given in Tables 18 and

9 for ME3. For the throughput results, we can see that the ABB

chemes provide throughput fairness that is comparable to that of

RR-CoDel and SFQ-CoDel. On the other hand, single queue CoDel

s not shown to be fair as it does not provide good isolation be-

ween different classes of flows. It allows mid-rate on/off flows to

btain higher average throughput than FTP flows as it targets high

andwidth FTP flows with more packet losses when all flows share
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Table 18 

Simulation ME3 flow throughput (Mbps) (mean / CoV / sum). 

Scheme FTP Low On-off Mid On-off Total 

DRR-CoDel 0.31 / 0.00 / 1.24 0.10 / 0.04 / 9.24 0.30 / 0.01 / 27.07 37.55 

SFQ-CoDel 0.32 / 0.01 / 1.29 0.10 / 0.05 / 9.23 0.30 / 0.16 / 27.02 37.54 

ABB-2 0.30 / 0.02 / 1.21 0.10 / 0.04 / 9.23 0.30 / 0.01 / 27.02 37.45 

ABB-3 0.30 / 0.03 / 1.21 0.10 / 0.04 / 9.22 0.30 / 0.01 / 26.95 37.38 

ABB-4 0.30 / 0.01 / 1.21 0.10 / 0.05 / 9.21 0.30 / 0.01 / 26.93 37.36 

CoDel 0.18 / 0.57 / 0.72 0.10 / 0.04 / 9.23 0.31 / 0.03 / 27.56 37.51 

Table 19 

Simulation ME3 flow average RTTs (second) (mean / stddev). 

Scheme FTP Low On-off Mid On-off Overall Mean 

DRR-CoDel 0.145 / 0.001 0.127 / 0.001 0.153 / 0.003 0.140 / 0.013 

SFQ-CoDel 0.123 / 0.001 0.101 / 0.012 0.124 / 0.004 0.113 / 0.015 

ABB-2 0.117 / 0.002 0.108 / 0.0 0 0 0.115 / 0.001 0.112 / 0.004 

ABB-3 0.120 / 0.003 0.107 / 0.001 0.118 / 0.001 0.113 / 0.006 

ABB-4 0.119 / 0.003 0.107 / 0.0 0 0 0.116 / 0.001 0.112 / 0.005 

CoDel 0.129 / 0.011 0.120 / 0.001 0.112 / 0.001 0.117 / 0.005 

Table 20 

ABB dynamics with simulation ME3. 

Scheme Number of Bin Switches (rate) Disruption Time (ratio) 

ABB-2 73,880 (0.20) 22.5 (0.011) 

ABB-3 106,564 (0.29) 38.9 (0.019) 

ABB-4 117,082 (0.32) 40.3 (0.020) 
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a single queue. The RTT results are similar to that of ME1 and ME2.

Greedy FTP flows have higher RTTs and mice flows have lower RTTs

under ABB. 

It is to be expected that in the highly congested scenario the

ABB schemes will exhibit a high rate of bin switches. The results

given in Table 20 confirm this. However, the overall disruption

these switches caused remains small. 

7. Results and analysis – multiple tiers 

We now report the results from the multi-tier set of simula-

tions that were identified in Table 3 . For this set of simulations,

we set the channel capacity to be 1 Gbps, which is on par with the

D3.1 channel capacity. Usable network layer bandwidth is approx-

imately 948 Mbps. The multi-tier set of simulations is designed to

evaluate the effectiveness of ABB in providing weighted max-min

fairness. Unless otherwise specified, the reclassification interval of

ABB is set to 1 s and all simulation times are set to 10 0 0 s. 

The tiering support implemented in ABB is designed to support

weighted max-min fair sharing of the full downstream bandwidth

of the system. As such it is comparable to weighted DRR-CoDel. 

Nevertheless, it is not comparable to the tiering support typ-

ically in use in current DOCSIS systems. In these systems, each

tier has an associated maximum transmission rate. Arriving pack-

ets must pass through a token bucket based regulator before enter-

ing the single queue CoDel transmission queue. The regulator thus

limits the long term downstream transmission rate to the maxi-

mum rate of the tier regardless of the total downstream load and

is not generally capable of delivering weighted max-min fairness.

Our ABB implementation can be configured to use a token bucket

regulator, but for these simulations, it was not. 

7.1. Implementing tiering in ABB 

As previously stated the objective is to provide weighted max-

min fair allocation. It is important to note that weighted max-

min fair allocation applies to flows as contrasted to tiers . Per tier
ax-min fair allocation biases the allocation against tiers with the

argest populations of flows. 

For example, suppose there are three tiers with relative

hroughput weights of 1, 2, and 4 respectively and the downstream

ink supports a bit rate of 77 Mbps. Suppose there are four flows

aving elastic demands with one flow in tier one, one flow in

ier two, and the remaining two flows are in tier three. Then the

eighted max-min fair allocation to the four flows is 7, 14, 28, and

8 Mbps respectively. For weighted max-min fair allocation among

iers, the per tier allocation is 11, 22, and 44 Mpbs and the per

ow allocation is consequently 11, 22, 22, and 22. 

As described in Section 3 , a flow weight, w i is associated with

ach flow, f i . In the single tier experiments it was assumed that

 i = 1 ∀ i, and therefore the relative bin weight, ω i , was simply

he number of flows in bin b i . 

An obvious way to implement ABB with multiple service tiers is

o provide a separate, dedicated set of ABB managed bins for each

ervice tier and confine the flows of each tiers to the associated

ins. Let b i, j represent bin i in tier j . Let χ j represent the rela-

ive weight of tier j and n i, j the number of active flows in bin b i, j .

ith this configuration, the relative bin weight, ω i, j , used by the

uter DRR scheduler of ABB is χ j n i, j . With complete tier isolation

nsured, one would expect and will obtain fairness that is equiv-

lent to that obtained in the single tier systems evaluated in the

revious section. The bin set per tier design introduces some addi-

ional design and implementation complexity and a small amount

f additional operational overhead. 

Alternatively, it is also easy to extend ABB to support multiple

ervice tiers with no change to the single tier design and no addi-

ional operational overhead. In this approach, when a new flow f i 
s recognized, its weight w i is set to χ j , the relative weight of the

ier to which it belongs. No other change to the binning system or

cheduling system is required. 

This simple approach clearly has the potential to adversely af-

ect fairness. All flows belonging to a single bin continue to obtain

pproximately equal throughput. So if a single tier 1 flow happens

o reside in a bin with five tier 3 flows, the weight of the bin will

rovide tier 3-like performance to the unfair benefit of the tier 1

ow. Conversely, a tier 3 flow sharing a bin with multiple tier 1

ows will have its performance adversely affected. The flow re-

lassification system will detect and attempt to mitigate instances

f bandwidth allocation that are not weighted max-min fair, but

here is no way in general to predict how effective the mitigation

ill be. 

In the remainder of this section we present results obtained us-

ng tier weights on a single tier ABB system. It will be observed

hat, as expected, fairness is not as effectively maintained as in the

ingle tier studies, and that fairness is dependent on the number

nd nature of the flows in each tier. 

.2. TIER simulation results 

The TIER simulation is similar to the BASE simulation in pur-

ose, but it extends the evaluation to include tiered service quality

evels. Because SFQ-CoDel is not designed to support weighted or
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Fig. 7. Simulation TierG weighted throughput fairness results. 
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Fig. 8. Simulation TierM weighted throughput fairness results. 
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iered flows, it was not evaluated in these studies. All runs include

CP/FTP flows in three tiers (Tier1, Tier2, and Tier4 with a weight

f 1, 2, and 4 respectively). We ran two variants of the simulation. 

The first variant is called TierG. It runs a varying number (11

o 55) of FTP flows in Tier1. For both Tier2 and Tier4, a single FTP

ow is used for all runs. All flows are set to have the same RTT of

0 ms. Because of the far higher link speed, the simulation time is

educed to 10 0 0 s. 

Fig. 7 shows the weighted throughput fairness results from five

imulation runs with different numbers of FTP flows. As shown,

he ABB scheme especially for the configurations with 3 and 4

ins is shown to be close to DRR-CoDel in terms of approximat-

ng weighted fairness. It is not to be expected that single queue

oDel (shown for comparison) provide weighted fairness. 

The average tiered flow throughput is given in Table 21 . The

BB scheme is able to provide high utilization of the channel ca-

acity as the total throughput of the ABB scheme is comparable to

thers. The average RTT information is given in Table 22 . The ABB

cheme is shown to maintain similar queuing delay for all flow

iers. Again the ABB scheme is able to provide similar performance

o that of DRR-CoDel. 
The second variant of the TIER simulation is called TierM. For

ifferent runs, the total number of FTP flows is fixed at 35, but the

umber of flows in each tier varies. For the five runs, the mixes of

ows in each tier are: 

1. T1 / T2 / T4 = 13 / 11 / 11 

2. T1 / T2 / T4 = 25 / 5 / 5 

3. T1 / T2 / T4 = 5 / 25 / 5 

4. T1 / T2 / T4 = 5 / 5 / 25 

5. T1 / T2 / T4 = 20 / 10 / 5 

The per-flow weighted max-min fair allocation of the available

48 Mbps is shown in Table 23 . Even though the number of flows

s constant at 35, the different tiering allocations present different

hallenges with respect to delivering approximate weighted max-

in fair allocation. All flows have the same RTT of 80 ms and the

imulation time remains 10 0 0 s. 

Fig. 8 provides the weighted throughput fairness results from

he five simulation runs of TierM. From the JFI, the ABB scheme

ith 3 and 4 bins provides a close approximation to DRR-CoDel.

owever ABB is also clearly shown to be less fair than DRR-CoDel

y the min-max ratio. Run 4 provides the most significant chal-

enge. 
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Table 21 

Simulation TierG flow throughput (Mbps): mean / CoV. 

#FTPs (T1) 11 22 33 

Tier/Sum T1 T2 T4 Sum T1 T2 T4 Sum T1 T2 T4 Sum 

DRR-CoDel 55.6 / 0.0 111.0 210.1 933.0 33.6 / 0.0 66.2 129.3 934.5 24.1 / 0.0 47.4 92.7 933.8 

ABB-2 59.3 / 0.1 102.3 179.3 933.6 34.9 / 0.0 56.1 110.0 934.3 24.7 / 0.0 41.6 76.3 934.6 

ABB-3 57.8 / 0.0 107.4 190.4 933.6 34.3 / 0.0 61.8 119.2 934.6 24.4 / 0.0 45.1 83.3 934.6 

ABB-4 57.9 / 0.0 108.9 186.7 932.9 34.0 / 0.0 64.1 122.4 934.5 24.3 / 0.0 45.0 86.6 934.6 

CoDel 68.8 / 0.1 85.1 91.1 933.3 39.1 / 0.1 34.3 39.0 934.2 26.7 / 0.1 25.0 27.4 934.2 

#FTPs (T1) 44 55 

Tier/Sum T1 T2 T4 Sum T1 T2 T4 Sum 

DRR-CoDel 18.7 / 0.0 36.9 73.4 934.3 15.4 / 0.0 30.0 59.3 934.4 

ABB-2 19.1 / 0.0 32.6 61.0 934.8 15.6 / 0.0 27.8 48.5 934.9 

ABB-3 19.0 / 0.0 34.8 64.6 933.4 15.5 / 0.0 28.6 53.6 934.9 

ABB-4 18.9 / 0.0 35.0 66.9 934.8 15.5 / 0.0 28.8 55.5 934.8 

CoDel 20.3 / 0.1 20.8 20.0 934.4 16.4 / 0.1 16.6 15.9 934.3 

Table 22 

Simulation TierG flow RTT (seconds): mean / stddev. 

#FTPs (T1) 11 22 33 

Tier T1 T2 T4 T1 T2 T4 T1 T2 T4 

DRR-CoDel 0.088 / 0.0 0 0 0.089 0.090 0.091 / 0.0 0 0 0.091 0.091 0.092 / 0.0 0 0 0.093 0.092 

ABB-2 0.092 / 0.001 0.089 0.088 0.094 / 0.001 0.088 0.087 0.094 / 0.001 0.088 0.086 

ABB-3 0.089 / 0.001 0.087 0.088 0.090 / 0.0 0 0 0.087 0.087 0.091 / 0.001 0.088 0.087 

ABB-4 0.088 / 0.0 0 0 0.087 0.088 0.089 / 0.0 0 0 0.087 0.087 0.090 / 0.001 0.088 0.088 

CoDel 0.099 / 0.0 0 0 0.099 0.099 0.101 / 0.0 0 0 0.100 0.100 0.101 / 0.0 0 0 0.101 0.101 

#FTPs (T1) 44 55 

Tier T1 T2 T4 T1 T2 T4 

DRR-CoDel 0.094 / 0.0 0 0 0.094 0.094 0.095 / 0.001 0.096 0.095 

ABB-2 0.095 / 0.001 0.088 0.086 0.095 / 0.001 0.090 0.085 

ABB-3 0.092 / 0.003 0.088 0.086 0.092 / 0.001 0.088 0.087 

ABB-4 0.091 / 0.0 0 0 0.088 0.088 0.091 / 0.0 0 0 0.089 0.088 

CoDel 0.102 / 0.0 0 0 0.102 0.102 0.102 / 0.0 0 0 0.102 0.102 

Table 23 

TierM: Weighted max-min fair 

throughput. 

Run T1 T2 T4 

1 12.0 24.0 48.0 

2 17.2 34.5 68.9 

3 12.6 25.3 50.6 

4 8.2 16.5 33.0 

5 15.8 31.6 63.2 
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The average tiered flow throughput for TierM is given in

Table 24 . The small CoV values are indications that the fairness

within the same tier is improved when all flows have the same

RTT. Among the five runs, the worst approximation of the weighted

fairness comes at run 4. It has 25 Tier4 FTP flows and only 5 flows

each in Tier1 and Tier2. It can be observed in Table 24 that the

cause of the unfairness is excessive bandwidth allocated to the

Tier1 and Tier2 flows. This is evidence of a small number of Tier1

or Tier2 flows sharing a bin with a larger number of Tier4 flows as

described in Section 7.1 . 

Weighted max-min fairness discrepancies associated with the

ABB schemes consistently showed over-provisioning of tier 1 flows

at the expense of tier 4. For ABB-3 and ABB-4, the under provision-

ing of tier 4 was always smaller than 10%. Total channel utilization

with ABB slightly exceeded that of DRR-CoDel. 

The average RTT information is given in Table 25 . The ABB

scheme is shown to maintain similar queuing delay for all flow

tiers. Again the ABB scheme is able to provide similar performance

to that of DRR-CoDel. 
The ABB dynamic behavior for the two variants of the TIER sim-

lation are shown in Tables 26 and 27 . The disruption time re-

ains low in all cases, indicating the scheme is demonstrating sat-

sfactorily stable behavior. 

.3. UDP simulation results 

The UDP simulation is designed to assess the ability of ABB to

solate unresponsive high bandwidth UDP flows. Our prior work

32] showed that single queue schemes such as CoDel or PIE fail

o provide UDP isolation. Here, we assess the ability of the use

f multiple queues in ABB to provide better protection from un-

esponsive UDP flows. 

The simulation is set up with three flow tiers: Tier1, Tier2, and

ier4 with weights of 1, 2, and 4 respectively. There are 11 FTP

ows active in each tier. In addition, each tier also has a single

igh bandwidth UDP flow sourced at 50 Mbps. All flows have the

ame uncongested path RTT of 80 ms. The weighted max-min fair

llocations to the 12 total flows in Tier 1, Tier 2, and Tier 4 are

1.3 Mbps, 22.6 Mbps, and 45.1 Mbps respectively. 

Table 28 provides both FTP and UDP flow throughput for each

ier. For FTP, the throughput reported is the average of the 11 FTP

ows assigned to each tier. As expected, single queue CoDel does

ot provide UDP isolation at all. DRR-CoDel provides very good

DP isolation with nearly weighted max-min fair allocation but

lightly favors the unresponsive UDP flows. In the presence of such

nresponsive flows, the degree of unfairness can further increase

ith fewer queues in use as in the case of ABB. 

ABB with both 2 and 3 bins provides little if any UDP isolation.

he results are similar to that of single queue CoDel. With 4 and
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Table 24 

Simulation TierM flow throughput (Mbps): mean / CoV. 

#FTPs 13 11 11 35 25 5 5 35 

Tier/Sum T1 T2 T4 Sum T1 T2 T4 Sum 

DRR-CoDel 12.0 / 0.0 23.7 / 0.0 47.0 / 0.0 934.1 17.1 / 0.0 33.9 / 0.0 67.2 / 0.0 934.4 

ABB-2 16.9 / 0.0 23.7 / 0.0 41.3 / 0.0 934.6 19.7 / 0.0 31.6 / 0.0 56.7 / 0.0 934.8 

ABB-3 14.2 / 0.0 23.9 / 0.0 44.3 / 0.0 934.5 18.6 / 0.0 32.8 / 0.0 61.3 / 0.0 934.7 

ABB-4 13.6 / 0.0 24.0 / 0.0 45.0 / 0.0 934.5 18.1 / 0.0 33.5 / 0.0 62.9 / 0.0 934.6 

CoDel 27.4 / 0.1 25.9 / 0.1 26.6 / 0.1 934.4 26.6 / 0.1 27.3 / 0.1 26.4 / 0.0 934.3 

#FTPs 5 25 5 35 5 5 25 35 

Tier/Sum T1 T2 T4 Sum T1 T2 T4 Sum 

DRR-CoDel 12.6 / 0.0 25.0 / 0.0 49.3 / 0.0 934.2 8.2 / 0.0 16.4 / 0.0 32.5 / 0.0 934.4 

ABB-2 17.7 / 0.0 25.2 / 0.0 43.0 / 0.0 934.5 16.4 / 0.1 19.7 / 0.0 30.2 / 0.0 934.7 

ABB-3 15.5 / 0.0 25.1 / 0.0 45.8 / 0.0 934.6 12.2 / 0.0 17.8 / 0.0 31.4 / 0.0 934.6 

ABB-4 14.3 / 0.0 25.1 / 0.0 46.9 / 0.0 934.5 10.6 / 0.0 17.2 / 0.0 31.8 / 0.0 934.5 

CoDel 23.6 / 0.1 27.5 / 0.1 25.8 / 0.1 934.3 26.0 / 0.1 28.2 / 0.1 26.5 / 0.1 934.0 

#FTPs 20 10 5 35 

Tier/Sum T1 T2 T4 Sum 

DRR-CoDel 15.7 / 0.0 31.2 / 0.0 61.6 / 0.0 934.5 

ABB-2 19.2 / 0.0 28.8 / 0.0 52.6 / 0.0 934.7 

ABB-3 17.4 / 0.0 30.4 / 0.0 56.4 / 0.0 934.7 

ABB-4 16.9 / 0.0 30.7 / 0.0 57.9 / 0.0 934.7 

CoDel 26.7 / 0.1 26.3 / 0.1 27.6 / 0.0 934.3 

Table 25 

Simulation TierM flow RTT (seconds): mean / stddev. 

#FTPs 13 11 11 25 5 5 

Tier T1 T2 T4 T1 T2 T4 

DRR-CoDel 0.092 / 0.0 0 0 0.092 / 0.0 0 0 0.092 / 0.0 0 0 0.092 / 0.0 0 0 0.092 / 0.0 0 0 0.092 / 0.0 0 0 

ABB-2 0.100 / 0.000 0.093 / 0.001 0.088 / 0.001 0.097 / 0.001 0.090 / 0.001 0.087 / 0.0 0 0 

ABB-3 0.095 / 0.0 0 0 0.089 / 0.0 0 0 0.086 / 0.0 0 0 0.093 / 0.001 0.088 / 0.0 0 0 0.086 / 0.0 0 0 

ABB-4 0.094 / 0.001 0.089 / 0.0 0 0 0.087 / 0.0 0 0 0.091 / 0.0 0 0 0.088 / 0.0 0 0 0.087 / 0.0 0 0 

CoDel 0.101 / 0.0 0 0 0.101 / 0.0 0 0 0.101 / 0.0 0 0 0.101 / 0.0 0 0 0.101 / 0.0 0 0 0.101 / 0.0 0 0 

#FTPs 5 25 5 5 5 25 

Tier T1 T2 T4 T1 T2 T4 

DRR-CoDel 0.092 / 0.0 0 0 0.093 / 0.0 0 0 0.093 / 0.0 0 0 0.091 / 0.0 0 0 0.092 / 0.0 0 0 0.093 / 0.0 0 0 

ABB-2 0.100 / 0.000 0.094 / 0.001 0.088 / 0.0 0 0 0.101 / 0.0 0 0 0.098 / 0.0 0 0 0.090 / 0.001 

ABB-3 0.096 / 0.001 0.090 / 0.001 0.086 / 0.0 0 0 0.099 / 0.0 0 0 0.092 / 0.0 0 0 0.087 / 0.0 0 0 

ABB-4 0.095 / 0.0 0 0 0.090 / 0.0 0 0 0.088 / 0.0 0 0 0.097 / 0.0 0 0 0.091 / 0.0 0 0 0.088 / 0.0 0 0 

CoDel 0.101 / 0.0 0 0 0.101 / 0.0 0 0 0.101 / 0.0 0 0 0.101/0.0 0 0 0.101 / 0.0 0 0 0.101 / 0.0 0 0 

#FTPs 20 10 5 

Tier T1 T2 T4 

DRR-CoDel 0.092 / 0.0 0 0 0.093 / 0.0 0 0 0.093 / 0.0 0 0 

ABB-2 0.098 / 0.001 0.090 / 0.001 0.087 / 0.001 

ABB-3 0.093 / 0.001 0.088 / 0.001 0.086 / 0.0 0 0 

ABB-4 0.092 / 0.001 0.088 / 0.0 0 0 0.087 / 0.0 0 0 

CoDel 0.101 / 0.0 0 0 0.101 / 0.0 0 0 0.101 / 0.0 0 0 

Table 26 

ABB dynamic behavior for TierG. 

#FTPs 11 22 33 44 55 

Number of Bin Switches (rate) 

ABB-2 1855 (0.14) 4595 (0.19) 7152 (0.20) 9286 (0.20) 12,385 (0.22) 

ABB-3 2486 (0.19) 5554 (0.23) 9001 (0.26) 12,564 (0.27) 16,374 (0.29) 

ABB-4 2590 (0.20) 6059 (0.25) 10,263 (0.29) 14,445 (0.31) 19,216 (0.34) 

Disruption Time (ratio) 

ABB-2 6.9 (0.007) 10.0 (0.010) 10.9 (0.011) 11.1 (0.011) 11.1 (0.011) 

ABB-3 6.0 (0.006) 7.2 (0.007) 8.1 (0.008) 9.0 (0.009) 9.0 (0.009) 

ABB-4 5.3 (0.005) 6.8 (0.007) 7.8 (0.008) 8.4 (0.008) 8.7 (0.009) 
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 bins the situation is measurably improved but remains poor. The

isparities are the worst in Tier 1. 

Note that this scenario involves UDP flows in three different

iers. To provide weighted UDP flow isolation with ABB it is neces-

ary to isolate unresponsive UDP flows into additional per-tier ded-

cated bins. ABB already requires tracking the state of each flow.
herefore, it would be straightforward to track per flow arrival and

ervice rates and identify those flows with a significant disparity

s unresponsive. 

Even with additional bins for the unresponsive flows, it is still

ikely that ABB as currently implemented would not be able to

rovide max-min fairness in the presence of unresponsive flows.
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Table 27 

ABB dynamic behavior for TierM. 

#FTPs (T1:T2:T4) 13:11:11 25:5:5 5:25:5 5:5:25 20:10:5 

Number of Bin Switches (rate) 

ABB-2 5946 (0.17) 5971 (0.17) 6799 (0.19) 6854 (0.20) 6189 (0.18) 

ABB-3 8428 (0.24) 8958 (0.26) 8707 (0.25) 8243 (0.24) 8719 (0.25) 

ABB-4 10,257 (0.29) 10,514 (0.30) 10,067 (0.29) 9734 (0.28) 10,426 (0.30) 

Disruption Time (ratio) 

ABB-2 9.6 (0.010) 10.1 (0.010) 10.3 (0.010) 9.7 (0.010) 10.0 (0.010) 

ABB-3 6.7 (0.007) 7.2 (0.007) 7.3 (0.007) 6.4 (0.006) 7.0 (0.007) 

ABB-4 6.5 (0.007) 7.1 (0.007) 7.3 (0.007) 6.3 (0.006) 7.0 (0.007) 

Table 28 

Flow Throughput by Tiers for Simulation UDP. 

Scheme FTP-T1 UDP-T1 FTP-T2 UDP-T2 FTP-T4 UDP-T4 Total 

DRR-CoDel 11.15 12.64 22.12 25.07 43.68 49.28 933.3 

ABB-2 13.19 49.32 20.64 49.32 37.51 49.32 932.7 

ABB-3 10.97 48.84 20.35 48.84 39.91 49.33 930.6 

ABB-4 10.69 37.94 20.99 39.04 41.66 49.29 933.0 

ABB-5 11.02 32.49 21.35 38.51 41.52 49.28 933.1 

CoDel 23.24 49.31 24.31 49.33 23.79 49.32 932.7 

Table 29 

ABB Dynamics with Simulation UDP. 

Scheme Number of Bin Switches (rate) Disruption Time (ratio) 

ABB-2 6413 (0.18) 8.6 (0.009) 

ABB-3 6260 (0.17) 15.8 (0.016) 

ABB-4 7956 (0.22) 42.7 (0.043) 

ABB-5 9451 (0.26) 40.8 (0.041) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 30 

Application flow throughput by types and tiers for simu- 

lation TAPPG. 

Scheme FTP HAS-T1 HAS-T2 HAS-T4 

DRR-CoDel 27.17 6.17 10.65 15.16 

ABB-2 19.48 9.80 11.04 14.84 

ABB-3 22.18 8.17 10.42 15.57 

ABB-4 23.05 7.60 10.54 15.52 

CoDel 21.54 11.38 11.43 11.59 

d  

u

7

 

m  

b  

A  

l

7

 

3  

2  

t  

1  

r  

fl

 

a  

v  

i

 

F  

o  

t  

p  

m  
While such binning can protect the unresponsive flows from each

other, it does not necessarily protect responsive flows from unre-

sponsive ones. 

The source of the unfairness is attributable to the use of

weighted DRR by ABB. When responsive flows with elastic de-

mands back off in response to network congestion, the associated

queue may not contain sufficient packets to consume the queue’s

remaining deficit count before the queue becomes empty. The use

of an AQM system such as CoDel increases the likelihood of this

situation occurring, and when it does occur, the queue effectively

donates its remaining deficit for use by other queues. The queues

associated with high rate unresponsive flows always remain full.

For max-min fair sharing, an unresponsive flow should never have

sustained consumption of bandwidth that exceeds the consump-

tion of any responsive flow with elastic demand. Therefore, max-

min fairness will be maintained if and only if queues containing

responsive flows with elastic demands always contain more data

than the DRR quantum. It follows that the larger the DRR quan-

tum is, the more serious this source of unfairness will be. We are

presently investigating the use of dynamic adjustment of the DRR

quanta of queues containing high rate unresponsive flows to en-

sure that max-min fairness is preserved. 

The dynamic behavior of ABB is shown in Table 29 . Given the

number of flows involved, the bin switching rate is not low but

is consistent with that of TierG and TierM with similar numbers

of TCP flows running. One noticeable difference between the dis-

ruption time of this simulation and others is the relatively higher

disruption time ratios in the case of 4 and 5 bins. This is due to the

large disparity in queue lengths among the bins. A bin with unre-

sponsive high bandwidth UDP flow builds up its queue while a bin

with only responsive TCP flows maintains short queue length un-
er CoDel. This situation would also be prevented by quarantining

nresponsive flows in a dedicated bin or bins. 

.4. APP simulation results 

The APP simulation is designed to evaluate realistic traffic

ixes including FTP, HAS (http adaptive streaming), and web

rowsing. We are particularly interested in evaluating the ability of

BB to provide benefit to higher tier application flows under heavy

oads. 

.4.1. The TAPPG simulation 

The first variant, called TAPPG, runs a total 100 flows. There are

0 web flows and 20 HAS flows in Tier1, 20 HAS flows in Tier2,

0 HAS flows at Tier4, and 10 FTP flows at Tier4. Therefore, the

otal workload is comprised of 60 HAS flows, 30 web flows, and

0 FTP flows. For the Gbps channel speed, the HAS video bit rate

epresentations are set to 1.5, 3.0, 6.0, 9.0, 12.0, and 15.0 Mbps. All

ows are set to have the same uncongested path RTT of 80 ms. 

Table 30 provides the average FTP throughput and the aver-

ge HAS throughput by tiers. Table 31 shows HAS application layer

ideo throughput. Comparative analysis shows that HAS overhead

s approximately 10% on average. 

Under DRR-CoDel the combined consumption of the HAS and

TP flows is 911.3 Mbps, and total bandwidth consumed by the all

f Web flows is approximately 20 Mbps. Under the assumption that

he maximum demand of the HAS flows is 16.5 Mbps when HAS

rotocol overhead is included, then for the HAS flows the weighted

ax-min fair shares of the 911.3 Mbps are {5.81, 11.63, 16.5} for
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Table 31 

HAS performance by tiers for simulation TAPPG: video play rate 

(Mbps) / average adaptation count per hour. 

Scheme HAS-T1 HAS-T2 HAS-T4 

DRR-CoDel 5.71 / 15.0 9.46 / 13.0 13.44 / 18.1 

ABB-2 8.58 / 131.2 10.13 / 61.6 13.28 / 31.9 

ABB-3 7.25 / 106.7 9.81 / 61.6 13.94 / 19.2 

ABB-4 7.04 / 74.5 9.76 / 55.1 13.87 / 17.0 

CoDel 10.23 / 131.9 10.54 / 110.7 10.46 / 116.3 

Fig. 9. TAPPG - Bin occupancy in percentage of time for each tier and traffic type. 
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Table 32 

Application flow throughput by types and tiers for simulation TAPPR. 

Scheme FTP-T1 FTP-T2 FTP-T4 HAS-T1 HAS-T2 HAS-T4 

DRR-CoDel 8.53 16.67 32.08 7.96 11.94 16.46 

ABB-2 12.83 15.54 20.16 9.81 12.43 15.73 

ABB-3 10.28 15.19 26.34 9.18 11.94 16.13 

ABB-4 8.49 14.33 25.76 8.49 12.48 16.50 

CoDel 24.63 22.80 23.13 11.74 11.66 11.46 

Table 33 

HAS performance by tiers for simulation TAPPR: video play rate 

(Mbps) / average adaptation count per hour. 

Scheme HAS-T1 HAS-T2 HAS-T4 

DRR-CoDel 7.29 / 18.2 10.54 / 15.2 14.73 / 18.0 

ABB-2 8.70 / 115.8 11.39 / 56.5 14.12 / 19.2 

ABB-3 8.21 / 95.1 10.94 / 25.1 14.45 / 19.6 

ABB-4 7.65 / 73.0 11.16 / 43.7 14.74 / 19.1 

CoDel 10.63 / 114.7 10.66 / 129.0 10.36 / 111.7 

Fig. 10. TAPPR - Bin occupancy in percentage of time for each tier and traffic type. 
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iers 1, 2, and 4, and the weighted max-min fair share for the FTP

ows in Tier 4 is 23.25. 

Because HAS dynamically switches demands among discrete

ates and employs an application layer back off in addition to TCP

ack off, perfect weighted max-min fair sharing is not to be ex-

ected when HAS flows are competing with FTP. Dividing the DRR-

oDel values for the HAS flows in Table 30 by their weighted max-

in fair counterparts, {5.81, 11.63, 16.5}, yields {1.06, 0.93, 0.92}.

hus, all values for DRR-CoDel are within 10% of max-min fair but

onsiderable bandwidth has been “donated” to FTP. 

ABB-3 and ABB-4 actually do a better job of restricting the FTP

ows than does DRR-CoDel, but the HAS flows are not quite as

airly allocated with Tier 1 receiving even more than with DRR-

oDel. 

Single queue CoDel, which does not support weighted alloca-

ion, fails to provide any benefit to higher tier HAS users. 

To provide additional insight on how the ABB scheme allocates

ore throughput to higher tier HAS flows, we calculated the per-

entage of time for each tier and type of traffic spent in each bin.

nder ABB-4, the results are given in Fig. 9 . For example, Tier4

AS flows spent 74.8% of time in bin 1, 19.9% of time in bin 2,

.5% of time in bin 3, and 1.8% of time in bin 4. As we can see,

ue to their low demand for bandwidth, web flows were placed in

in 1 (the lowest bin in terms of bandwidth consumption) all the

ime. Among the three HAS tiers, the HAS flows of higher tier were

laced in the lower bins for longer time to receive better band-

idth allocation. As the FTP flows of Tier4 consume more band-

idth than the HAS flows at the same tier, the FTP flows spends

elatively less time in bin 1 so that the demand of HAS flows is

et better. 

Table 31 provides the HAS performance results. Under single

ueue CoDel, the video play rates are similar across tiers and the

daptation counts for the HAS flows are very high. DRR-CoDel de-

ivers approximate weighted max-min fair sharing, and HAS flows
re able to achieve higher play rates at higher tiers with low adap-

ion counts across all tiers. ABB-3 and ABB-4 deliver good differen-

iation of play rates across different tiers, but significantly higher

daptation counts in Tier1 and Tier2. 

.4.2. The TAPPR simulation 

We also ran a variant, called TAPPR, with the three types of ap-

lication traffic running in all three tiers simultaneously. Flows of

ach type are equally divided among the tiers. Each tier runs 3 FTP,

0 HAS, and 10 Web flows. 

Tables 32 and 33 provide the application throughput and HAS

erformance results. The throughput results show that, as before,

ier aware DRR-CoDel allocates more bandwidth for flows of higher

iers for both FTP and HAS flow classes. The throughput results

lso show that the ABB scheme is able to provide both FTP and

AS flows with the throughput consistent with their tiers approx-

mating that of DRR-CoDel. The percentage of time each tier and

ype of traffic spend in each bin is given in Fig. 10 . Again we see

hat web flows irrespective of the tiers spend the whole time in

in 1 due to their low demand. Among the HAS or FTP flows of

ifferent tiers, higher tier flows were able to spend more time in

ower bins to receive more bandwidth. Among the FTP and HAS

ows of the same tier, FTP flows spend less time in lower bins due

o their higher throughput demands. 
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From the HAS application performance data for this simulation,

it is not difficult to draw the same conclusion we drew before. Un-

der ABB, HAS flows of higher tiers are able to achieve much bet-

ter HAS video play rate and lower adaption count than with single

queue CoDel. 

7.4.3. Web response time 

The web response time in both APP simulation variants was

excellent. In all cases, including DRR-CoDel, single queue CoDel

and the three ABB variants mean web response time varied be-

tween 0.18 and 0.20 s. Standard deviation varied between 0.060

and 0.065. 

8. Conclusion 

The focus of this paper has been downstream bandwidth man-

agement systems for subscription based, shared medium Internet

access networks. We concentrate specifically on the problems of

developing a system capable of efficiently approximating weighted

max-min fair sharing of bandwidth while maintaining latency that

is low enough to support interactive audio or video conferencing. 

We have presented a new novel approach called adaptive band-

width binning (ABB) as a solution. ABB uses a small fixed number

of bins and periodically re-maps the flows into these bins based

on the flow’s recent bandwidth consumption. Flows in the same

bin share a queue managed by CoDel for low queuing delay. 

This paper reports the results of our initial evaluation of the ef-

fectiveness of ABB. The results were derived from ns-2 simulations

conducted on simulated DOCSIS-3.0 and DOCSIS-3.1 networks. In

these studies, we evaluated ABB (with two, three, and four bins),

along with DRR-CoDel, SFQ-CoDel, and single queue CoDel. 

Weighted DRR-CoDel, which is known to provide approximate

weighted max-min fair sharing and low latency at the cost of con-

siderable complexity, serves as the performance target. SFQ-CoDel

is multi-bin based approach that provides unweighted max-min

fair sharing and low latency, but it does not directly support tiers

and the number of bins is typically O (a v erage _ f low _ count) . Single

queue CoDel was also included for reference purpose. It does not

provide max-min fair sharing in either single tier or multi-tier en-

vironments. 

We first analyzed the ABB scheme in the single tier environ-

ment where all flows have unit weight. Under our test workloads,

ABB with only three or four bins was able to provide reasonable

performance in terms of fairness and latency comparable to that

of DRR-CoDel and SFQ-CoDel. The ABB system was also able to

ameliorate the TCP RTT unfairness issue that impacts single queue

management schemes [32] . 

In a multi-tier environment, our results and analysis showed

that under our test workloads ABB was able to provide weighted

fairness close to that of DRR-CoDel. Due to lack of support for

flow weights, both SFQ-CoDel and single queue CoDel are unable

to support weighted max-min fair sharing on multi-tier systems

under heavy loads. 

We also evaluated a scenario in which responsive TCP flows and

high bandwidth unresponsive flows compete. We found that ABB,

as currently implemented, does not effectively isolate unresponsive

flows. Nevertheless, we are confident that a simple extension, the

addition of a bin (or per-tier bins) dedicated to unresponsive flows,

will provide excellent isolation. 

We further analyzed application performance with simulations

that involved realistic types of traffic including FTP, HAS, and

web flows. We found that ABB with three or four bins provides

weighted HAS service comparable to that of DRR-CoDel with three

active service tiers. 

There are some obvious ways in which to extend this work.

Most obviously isolation of unresponsive flows to their own bin(s)
hould be added. Our choice of the remapping interval time, τ , was

ased upon a small number of preliminary tests. We strongly sus-

ect that a dynamic adjustment of τ based upon changing work-

oad conditions would provide improved performance. 

The present bandwidth consumption and bin assignment algo-

ithms also merit further study. Currently, bin assignment is based

n a flow’s recent downstream transmission rate. Using the flow’s

ownstream arrival rate or some combination of the two rates

hould be investigated. 
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