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Abstract—Since the IEEE 802.16 first standard was proposed
in 2004 to provide broadband wireless service, the standard has
not only been widely studied, but also broadly commercialized.
The current IEEE 802.16-2009 standard document specifies five
Quality of Service classes. As is typical with most standards,
IEEE 802.16 does not require the use of a specific scheduler.
In this paper, we first evaluate the performance of four popular
schedulers. By analyzing the results, we highlight that no single
scheduler type performs the best in all traffic situations; however,
we shown that there exist the most favorable scheduler type in
each situation. Based on this rationale, our idea is to propose an
adaptive scheduling schema where the scheduler is dynamically
chosen based on the current traffic context, such as the number
of flows of each Quality of Service class. We investigate this
approach and evaluate its performance against existing static
schemas. The results show that our approach presents some
interesting performances in terms of throughput, delay, and
packet loss ratio regarding state of art approaches.

Index Terms—Packet Scheduling, IEEE 802.16, WiMAX, Net-
work Management, Fuzzy Logic, Quality of Service

I. INTRODUCTION

The demand for high data rate and large coverage in wireless

networks is increasing sharply with various mobile services

including video call, mobile internet, and games. To cope with

this trend, the IEEE 802.16 standard [1] for broadband wireless

access was proposed in 2004 superseded by several documents

including the latest approved document IEEE 802.16-2009

(Air Interface for Fixed and Mobile Broadband Wireless

Access System) that is a rollup of 802.16-2004, 802.16-

2004/Cor 1, 802.16e, 802.16f, 802.16g and P802.16i. This

specification itself is being enhanced into IEEE 802.16m [2].

The WiMAX Forum is an industry-led organization in the area

to certify and promote the compatibility and interoperability

of broadband wireless products based upon the harmonized

IEEE 802.16 standard. An IEEE 802.16 base station (BS) can
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provide wireless access service to a fixed subscriber station

(SS) within a range of 50 km and to a moving SS within a

range of 3 to 15 km. The maximum data rate is up to 70 Mbps.

The IEEE 802.16-2009 defines five different Quality of

Service (QoS) classes, which are Unsolicited Grant Service

(UGS), Extended Real Time Polling Service (ertPS), Real

Time Polling Service (rtPS), Non Real Time Polling Service

(nrtPS), and Best Effort Service (BE). These classes help

provide different services to applications having different QoS

requirements. The UGS class is designed to support constant

bit rate (CBR) real-time traffic. For that, a BS regularly

allocates a fixed amount of bandwidth to this traffic class. The

ertPS class is intended to support Voice over IP (VoIP) traffic,

which has repeated speech periods and silent periods. A BS

allocates a fixed amount of bandwidth for a speech period, but

no bandwidth for a silent period, unlike the UGS. The rtPS

class is designed to support variable bit rate (VBR) real-time

traffic, such as video streaming. A BS regularly polls each

SS to determine the amount of bandwidth that needs to be

allocated, because the required bandwidth varies for this kind

of traffic. The nrtPS class is for non-real-time VBR traffic, and

it only guarantees minimum throughput for an application. File

downloading traffic is a good example of an application of this

QoS class. The BE class allocates resources to SSs if and only

if there are left-over resources after allocating the resources to

other QoS classes of higher priority. This QoS class guarantees

neither delay nor throughput.

A scheduler works as a resource allocator to share limited

resources among SSs that are served by a BS. IEEE 802.16

does not constrain the use of any specific scheduler; rather,

the manufacturers of IEEE 802.16 devices can choose to use

existing scheduler(s) or develop new one. Accordingly, the

design of an efficient scheduler can be indeed a differentiation

factor among manufacturer’s devices. Several schedulers have

been suggested including Deficit Round Robin (DRR) [3], Pro-

portional Fair (PF) [4], and Earliest Deadline First (EDF) [5].

Also, several papers that evaluate the performance of various

schedulers have been published [6]–[9]. Designing a scheduler
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is always a balance between several objectives and therefore

it appears that no single scheduler type satisfies all QoS

requirements. For example, DRR outperforms PF with low

number of traffic flows, but PF is better than DRR when there

are more traffic flows [8].

In this paper, we investigate the possibility to implement a

dynamic scheduling schema, where the chosen scheduler de-

pends on the traffic situation. First of all, we evaluate the per-

formance of some existing schedulers, which are First Come

First Served (FCFS), DRR, Weighted-DRR (WDRR), and PF,

and determine in which context they perform best. Then, we

propose to use fuzzy logic to dynamically select a scheduler

based on the particular types and characteristics of existing

traffic (we do not address the mechanism to detect the traffic

context and we suppose that some existing techniques could

help to do it in real-time [10], [11]). The corresponding fuzzy

controller behavior is specified based on a set of selection

rules that are derived from the performance evaluation results

obtained from the use of different existing schedulers (FCFS,

DRR, WDRR, and PF) in several traffic contexts scenarios.

Finally, we present the performance evaluation results of our

solution and compare it to static schedulers. The obtained

results show that our solution presents very interesting results

against the other approaches. In several traffic contexts, it

behaves almost like the best scheduler which shows that the

fuzzy controller is behaving the right way. Of course, there is a

trade-off to our approach as the real-time change of scheduler

may introduce some delay as well as complexity in the BS

equipment.

II. RELATED WORK

A number of schedulers have been proposed for IEEE

802.16 networks. They are classified into two broad categories,

called Channel Unaware and Channel Aware, in [12]. The

Channel Unaware schedulers do not use information about

the current channel status when they allocate resources to

each SS. This type of scheduler can be further classified

into two sub-categories: intra-class and inter-class. The intra-
class schedulers are for allocating resources within the same

QoS class, whereas the inter-class schedulers coordinate re-

source allocation among different QoS classes. In contrast, the

Channel Aware schedulers consider the channel status, such

as channel errors and transmission power. Key objectives of

this type of scheduler are fairness, QoS guarantee, throughput

maximization, and power consumption optimization.

In [9] IEEE 802.16 schedulers were classified into three

categories: Homogeneous, Hybrid, and Opportunistic. The

Homogeneous and the Hybrid schedulers correspond to the

Channel Unaware schedulers. The difference between them

is that the Hybrid schedulers employ multiple Homogeneous
schedulers in an attempt to satisfy conflicting QoS require-

ments. The Opportunistic schedulers, which exploit variations

in channel conditions, correspond to the Channel Aware sched-

ulers of [12].

Several works that evaluate and compare the performance of

IEEE 802.16 schedulers have been published [6]–[9]. In [6],

the performance of EDF and Weighted Fair Queuing (WFQ)

schedulers are examined with respect to average throughput

and end-to-end delay. In [7], simulation results are provided

for DRR for downlink scheduling and WFQ for uplink

scheduling that compare average delay, throughput, frame

utilization, and number of served SSs. Most of them are

shown against a changing number of SSs. The performance

of DRR, WDRR, and PF schedulers are compared in [8], and

the conclusion of this work is that an optimal scheduler varies

in different situations. In [9], several schedulers including

EDF, WFQ, EDF+WFQ, and EDF+WFQ+FCFS are evaluated

considering fairness, frame utilization, average throughput,

average delay, and packet loss. To our best knowledge from

the former work, no single scheduler type provides the best

performance with respect to all QoS requirements. Thus, we

are motivated by this common conclusion, and seek to find an

adaptive scheduling method that can perform better than each

of these individual schedulers for a varied traffic mix.

III. EXISTING IEEE 802.16 SCHEDULERS

The performance of each scheduler differs, depending on the

current traffic mix. For example, if only BE traffic is present,

such as web browsing traffic, then a simple FCFS scheduler

would be the best choice, because it has low computational

complexity. On the other hand, if there are various kinds of

traffic, such as VoIP, video streaming, and file downloading,

then the FCFS would fail to meet the QoS requirements

of these other applications, because each type of traffic has

different QoS requirements. For instance, VoIP traffic should

be treated differently because it has strict delay, jitter, and loss

requirements that the FCFS scheduler cannot satisfy.

In this Section, we present experimental results to determine

the best scheduler in various situations. We use four different

kinds of schedulers in the simulation. The rest of this Section

briefly describes each scheduler and our simulation environ-

ment. This is followed by the performance evaluation results.

A. Schedulers

Our target scheduler is for downlink resource allocation,

and we use a strict priority-based scheduler for inter-class

scheduling (this approach could eventually be used for uplink

as well with some adaptation). The priority among QoS classes

is defined as follows:

UGS > ertPS > rtPS > nrtPS > BE. (1)

The main focus of our experiment is on evaluating the perfor-

mance of the following four intra-class schedulers.

1) FCFS: This is a very simple scheduler. Resources are

allocated to the queue whose packet arrives first.

2) DRR: This was originally developed for IP networks in

1996 [3]. In DRR, a set of queues are serviced in a round-robin

(RR) fashion. A maximum packet size number is subtracted

from the packet length, and packets that exceed that number

are held back until the next visit of the scheduler. While

Weighted-RR (WRR) serves every non-empty queue, DRR

only serves non-empty queues whose deficit counter is greater
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than the packet size at the head of the queue. The difference

from traditional RR is that if a queue was not able to send a

packet in the previous round because the size of the packet

was too large, this is corrected in the next round.

3) WDRR: WDRR [8] is a variant of DRR in which each

queue is assigned a different weight. This enables policy rules

and other mechanisms to be used to ensure that the QoS

commitments required by different service flows are properly

met.

4) PF: PF [4] assigns resources according to rank of the

ratio of current achievable rate to averaged rate of each traffic

flow. This scheduler repeats the following two steps. In the

first step, the PF scheduler finds the traffic flow with the best

ratio of current achievable rate to averaged rate and allocates

resources to that flow. In the second step, the averaged rate

values of every traffic flow are updated, even when the traffic

flow does not have a packet to send.

B. Scheduler Comparison

The FCFS scheduler is fast and simple, but it is not capable

of guaranteeing different QoS requirements due to its inherent

simplicity. The DRR and WDRR schedulers are also simple

and allocate resources fairly, but they show bad performance

when the average packet size is large. The PF scheduler

provides high throughput; however, some traffic flows, which

have bad channel conditions, can starve. The complexity of

PF is O(N), whereas FCFS, DRR, and WDRR have O(1)
complexity [12].

C. Simulation Environment

The performance comparison among the four schedulers

was done using the ns-3 network simulator [13]. The ns-3

is a state-of-the-art, open source, and discrete-event based

simulator that succeeds the popular ns-2 simulator. This simu-

lator contains the IEEE 802.16 WiMAX module [14], [15],

which supports four QoS classes (UGS, rtPS, nrtPS, and

BE); these are defined by IEEE 802.16-2004 [1]. However,

it does not support the ertPS QoS class which was defined

later in [16]. Moreover, the UGS QoS class is defined to

receive a fixed amount of resources in IEEE 802.16, so it does

not influence the performance of different schedulers. Hence,

we only considered the rtPS, nrtPS, and BE QoS classes in

the following simulation. The module already had a FCFS

scheduler, so we implemented the other three schedulers,

which are DRR, WDRR, and PF.

The topology for our simulation is depicted in Fig. 1. Four

dedicated servers, one each for VoIP, Video streaming, File

downloading, and Web browsing application traffic were con-

nected to a router that was connected to a BS via an Ethernet

link. The Ethernet link had 100 Mbps bandwidth and 2 ms

propagation delay. The SSs communicated with the BS, and

the number of SSs was varied in different scenarios. They were

initially located around the BS randomly, and continuously

changed their position randomly until the simulation finished.

Other important simulation parameters are given in Table I.

VoIP
Server

Video
Streaming

Server

File
ServerWeb

Server

BS

Router

100 Mbps
2 ms

Fig. 1. Simulation topology.

TABLE I
SIMULATION PARAMETERS

Parameter Value Parameter Value
Carrier frequency 5 GHz Max MAC PDU size 1400 bits

Channel bandwidth 10 MHz Propagation Model COST-Hata
Frame duration 10 ms Tx power 30 dBm
Physical layer OFDM Tx gain 0 dBi
Duplex mode TDD Rx gain 0 dBi

FFT size 256 Noise 5 dB
Transmit/receive transition gap 0 BS antenna height 50 m
Receive/transmit transition gap 0 SS antenna height 3 m

IEEE 802.16 supports per SS based adaptive modulation,

which means a BS changes Modulation and Coding Scheme

(MCS) according to the current conditions of a channel

between a BS and a SS. The MCS was set to use Quadrature

Phase Shift Keying (QPSK) 1/2 coding initially, and then

changed to another MCS, such as QPSK 3/4, following the

Markov chain to model changing conditions of the channel.

The state transition probabilities can be found in [8].

D. Traffic Models

Four different types of traffic (VoIP, Video streaming, File

downloading, and Web browsing) were generated to simulate

a realistic environment. There were four servers in the simu-

lation, and each server generated a single traffic type.

1) VoIP: The VoIP traffic followed a simple On/Off Markov

model [7], [8]. The packets were generated only during the On

period; no packets were generated during the Off period. The

On and Off period lengths were exponentially distributed with

a mean of 1.2 s and 0.8 s, respectively. The packet size was

66 bytes and an average On state data rate was set to 26.4 kbps.

This traffic was assigned to the rtPS QoS class.

2) Video streaming: We generated video streaming traffic

using a real trace file, which can be downloaded in [17]. We

used the trace file of “Starship Troopers” movie, which was

encoded using an H.263 codec. This traffic was assigned to

the rtPS QoS class.

3) File downloading: The file downloading traffic model

constantly sent packets of a fixed size of 1024 bytes at an

average rate of 256 kbps. This traffic was assigned to the nrtPS

QoS class.

4) Web browsing: The web browsing traffic model can be

found in [18]. We slightly modified that model to use it in our

simulation as follows. A web page consisted of a main page

and several embedded objects. The main page size followed

an exponential distribution with a mean of 48,302 bytes,
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TABLE II
SIMULATION SCENARIOS FOR EVALUATING THE PERFORMANCE OF FCFS,

DRR, WDRR, AND PF SCHEDULERS

No. Traffic Types No. Traffic Types
1 5 VoIP 11a 5 VoIP + 5 Video + 5 File

2 5 Video 11b 5 VoIP + 3 Video + 3 File

3 5 File 12a 5 VoIP + 5 Video + 5 Web

4 5 Web 12b 5 VoIP + 3 Video + 3 Web

5 5 VoIP + 5 Video 13a 5 VoIP + 5 File + 5 Web

6 5 VoIP + 5 File 13b 5 VoIP + 3 File + 3 Web

7 5 VoIP + 5 Web 14a 5 Video + 5 File + 5 Web

8 5 Video + 5 File 14b 3 Video + 3 File + 3 Web

9 5 Video + 5 Web 15a 5 VoIP + 3 Video + 3 File + 5 Web

10 5 File + 5 Web 15b 5 VoIP + 3 Video + 3 File + 3 Web

minimum of 5,500 bytes, and maximum of 170,000 bytes.

The embedded object size followed a truncated log-normal

distribution with a mean of 8,475 bytes, standard deviation of

60,195 bytes, minimum of 25 bytes, and maximum of 200,000

bytes. The number of embedded objects followed a triangular

distribution with a lower bound of 5, upper bound of 24,

and mean of 14. Seventy-six percent of the packets had a

size of 1,024 bytes, and the remaining of packets had a size

of 576 bytes. The web browsing traffic model also followed

an On/Off Markov model, because once we had the entire

contents of the web page, we spent some time to read that

page. The reading time followed an exponential distribution

with a mean of 30 s. This traffic was assigned to the BE QoS

class.

E. Performance Evaluation

We composed 20 different scenarios (Table II) to simulate

various traffic contexts. Each scenario had a unique combina-

tion of four different types of traffic (VoIP, Video, FTP, and

Web). The scenarios from 11 to 15 had two sub-scenarios:

a congested situation (a) and a non-congested situation (b).

For this, we changed the number of Video, File, and Web

traffic flows from 5 to 3. Every simulation was executed for

180 s, and the traffic servers started sending packets after about

10 s from the start of the simulation, because they needed

some time to stabilize the connection between a BS and a SS.

The servers stopped sending packets after 170 s, which meant

servers sent packets during 160 s. The remaining 10 s was a

guard time that took into account the delay from a server to

a SS. Each scenario was repeated five times with a different

random seed, and the averaged results are given in Table III.

The results contain three different metrics: Through-

put (kbps), Delay (ms), and Packet loss ratio (%). The

throughput is the averaged amount of received packets per

a second. The delay is the averaged difference between the

packet sending time on the server side and the packet receiving

time on the SS side. The packet loss is captured through a

sequence number. The sequence number starts from 0, and

increases by 1 each time a packet is sent. By examining

the sequence number of received packets, the receiving SS

can know how many packets are missing. We organized the

results by type of metric and scheduler for each simulation

scenario. While we evaluated the performance separately by

traffic types, Table III contains only aggregated results for all

traffic types due to page constraints.

We can determine which scheduler is optimal for a given

situation from Table III. The rules for selecting an optimal

scheduler in a given scenario are:

• Rule 1: The scheduler that has higher performance for

higher level QoS class is optimal.

• Rule 2: The scheduler that has higher aggregated perfor-

mance is optimal.

• Rule 3: The scheduler that has lower computational

complexity is optimal.

Rule 1 is checked first; it is applied to the traffic that has

the highest QoS class. If this rule does not yield an optimal

scheduler, we execute Rule 1 again, but instead use the traffic

with the next highest QoS class. We continue this approach;

however, if this approach fails to select an optimal scheduler,

we then apply Rule 2. If Rule 2 does not select an optimal

scheduler, we then use Rule 3.

The meaning of “higher performance” is different for dif-

ferent QoS classes. In this paper, we define lower delay and

lower packet loss ratio as “target performance” for the rtPS

QoS class, and define higher throughput and lower packet

loss ratio as “target performance” for the nrtPS and BE QoS

classes. In addition, we define the two performance results to

be equivalent when the difference is not significant considering

the standard deviation of the results. The optimal schedulers

computed by the above three rules are shown in the bottom

of Table III. The selected schedulers do not always show the

best “aggregated” performance, because they were designed

to satisfy high level QoS classes against other classes.

Table III highlights that no single scheduler type is capable

to satisfy all situations. However, a best among schedulers

can be found in each specific scenario (i.e. traffic context).

From those results, one may think that the use of an adaptive

scheduler that dynamically changes its algorithm according

to a specific situation could take the best of all at each stage.

However, what scheduling algorithm to choose in each context

and how to identify and define a context are open questions

we aim to address in the following sections.

IV. FUZZY-BASED ADAPTIVE SCHEDULER

As the relations between contexts and the best correspond-

ing scheduling algorithm are not deterministic, it is necessary

to find a good and intuitive approach to do. For that, we

propose to use fuzzy logic to design the adaptive scheduler,

and named it the Fuzzy-based Adaptive Scheduling Technique

(FAST). The concept of the FAST is shown in Fig. 2. We used

the Mamdani Fuzzy Inference System (FIS) [19], which is a

very popular fuzzy logic system. It’s role is to select the best

scheduler based on the current traffic context information, such

as the number of flows of each QoS class and total requested

throughput.

The strength of fuzzy logic is that it can represent a vague

term, such as “low” or “high”, which obviates the need to

choose a specific value. It is simple, but still has flexibility,
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TABLE III
PERFORMANCE EVALUATION RESULTS FOR FCFS, DRR, WDRR, AND PF SCHEDULERS.

Scenario
Metric Scheduler 1 2 3 4 5 6 7 8 9 10

mean s.d. mean s.d. mean s.d. mean s.d. mean s.d. mean s.d. mean s.d. mean s.d. mean s.d. mean s.d.
FCFS 78 3 672 0 1280 0 1530 117 753 2 1360 1 1430 68 1951 0 1932 35 2401 33

Throughput DRR 80 2 672 0 1280 0 1519 71 751 2 1358 3 1399 45 1952 0 1853 106 2354 41

(kbps) WDRR 80 2 672 0 1280 0 1522 108 751 2 1358 3 1404 63 1952 0 1858 49 2372 28

PF 78 2 672 0 1280 0 1501 115 752 3 1358 3 1364 55 1952 0 1876 44 2363 45

FCFS 50 0 79 0 18 0 55 13 83 1 45 1 327 45 70 0 397 17 372 45

Delay DRR 10 0 41 0 18 0 60 7 43 0 27 4 253 17 51 0 308 67 330 60

(ms) WDRR 10 0 42 0 18 0 55 11 43 1 27 4 260 38 51 0 295 45 333 43

PF 10 0 42 0 18 0 59 14 43 1 23 1 238 37 51 0 325 43 443 61

FCFS 0.00 0.00 0.06 0.00 0.02 0.00 1.84 1.13 0.04 0.01 0.00 0.00 12.52 2.00 0.07 0.01 15.37 0.64 16.63 3.26

Packet loss DRR 0.00 0.00 0.06 0.00 0.02 0.00 2.06 1.02 0.03 0.01 0.00 0.01 10.22 1.66 0.04 0.00 11.61 3.46 14.34 3.72

ratio (%) WDRR 0.00 0.00 0.06 0.00 0.02 0.00 1.29 0.52 0.03 0.01 0.00 0.01 10.75 0.99 0.04 0.00 11.28 2.74 15.66 2.95

PF 0.00 0.00 0.06 0.00 0.02 0.00 2.39 0.58 0.03 0.01 0.00 0.01 8.86 2.70 0.04 0.00 12.85 1.87 16.67 3.01

Derived Optimal Scheduler DRR DRR FCFS FCFS DRR PF PF DRR WDRR WDRR

Scenario
Metric Scheduler 11a 11b 12a 12b 13a 13b 14a 14b 15a 15b

mean s.d. mean s.d. mean s.d. mean s.d. mean s.d. mean s.d. mean s.d. mean s.d. mean s.d. mean s.d.
FCFS 1631 2 1250 2 1489 19 1224 51 1894 10 1585 41 2231 3 1976 60 1851 3 1763 10

Throughput DRR 1634 7 1250 2 1504 20 1309 39 1903 10 1616 37 2228 6 1964 17 1852 12 1743 19

(kbps) WDRR 1633 11 1250 1 1499 15 1303 64 1902 9 1620 42 2226 6 1948 27 1853 7 1722 27

PF 1639 5 1251 3 1500 10 1272 54 1901 18 1578 33 2225 5 1938 29 1853 4 1767 20

FCFS 995 7 103 13 882 50 329 44 1002 24 388 47 1094 9 228 24 1319 10 785 34

Delay DRR 964 12 74 15 873 35 347 30 987 29 389 18 1075 10 182 7 1288 22 722 27

(ms) WDRR 965 14 68 12 860 29 349 57 984 32 378 40 1077 11 181 21 1293 12 696 46

PF 965 2 72 14 843 22 324 57 958 41 350 43 1062 16 193 28 1301 11 781 42

FCFS 23.14 0.56 0.09 0.04 30.09 2.77 7.62 0.77 33.58 2.48 9.26 2.00 37.63 1.13 6.25 0.65 48.33 0.96 24.64 1.32

Packet loss DRR 22.54 0.74 0.11 0.12 31.03 1.90 8.21 1.12 33.67 2.31 10.47 1.35 36.46 1.31 3.82 0.64 47.32 1.65 22.87 1.95

ratio (%) WDRR 22.76 0.81 0.06 0.04 30.81 1.30 8.54 1.99 34.12 3.14 9.06 0.77 36.57 2.17 4.57 1.83 47.12 1.66 23.07 2.74

PF 22.78 0.62 0.07 0.06 29.80 1.15 6.96 1.89 33.47 2.07 9.30 1.39 35.25 1.78 4.62 1.58 48.81 1.12 26.48 2.42

Derived Optimal Scheduler DRR WDRR PF PF PF PF PF DRR DRR WDRR

Fuzzy Inference
System Fuzzy Rules

PFWDRRDRRFCFS

Selects

Scheduling Context
- Number of flows of each QoS class
- Ratio of each traffic type
- Total requested throughput
- ...

...

Fig. 2. Conceptual diagram of FAST.

adaptivity, and extensibility. Also, fuzzy parameters can be

optimized using machine learning or bio-inspired techniques.

Due to these benefits, fuzzy logic is widely used in various

areas, including adjusting the configuration parameters of

IEEE 802.16 networks [20].

In this Section, we briefly describe fuzzy logic. Then, we

define membership functions and fuzzy rules used in the FAST.

The simulation scenario, performance evaluation results, and

discussion about the results follow.

A. Fuzzy Logic

Two popular FIS are the Mamdani FIS [19] and the Sugeno

FIS [21]. We chose the former, because it has greater ex-

pressive power and better interpretability than the latter [22].

The Mamdani FIS works in four steps: Fuzzification, Rule
Evaluation, Aggregation, and Defuzzification.

In the Fuzzification step, the FIS evaluates input values

using membership functions. The membership function returns

the degree to which an input value could be contained in

a fuzzy set. The degree is a value between 0 and 1. If the

returned degree is closer to 1, then the input value is more

likely to be contained in a fuzzy set. The evaluated results are

passed to the Rule Evaluation step.

In the Rule Evaluation step, the membership degrees that

were passed from the Fuzzification step are evaluated using

fuzzy rules. For example, let’s assume that we have a rule as

follows:

“IF number of BE traffic flows IS high

THEN scheduler IS PF.”

The FIS takes the number of current BE traffic flows as an

input, then translates this value into a fuzzy set using the

membership function. After that, the FIS decides the scheduler

to be PF based on the rule in the Rule Evaluation step.

The Aggregation step converts the results into one fuzzy

set for each output variable. Then, the output fuzzy sets are

changed into output values in the Defuzzification step. A

number of Defuzzification methods are available, including

Center of Gravity (CoG), First of Maximum, and Middle of

Maximum. We used the CoG method for the FAST, which

finds the point where a vertical line would slice the aggregate

set into two equal sections.
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TABLE IV
SAMPLE FUZZY RULES FOR FAST.

. . .
If rtPSNumber is MEDIUM and nrtPSNumber is ZERO and BENumber is MEDIUM and total requested throughput is HIGH then Scheduler is WDRR
If rtPSNumber is ZERO and nrtPSNumber is MEDIUM and BENumber is MEDIUM and total requested throughput is HIGH then Scheduler is DRR
If rtPSNumber is HIGH and nrtPSNumber is MEDIUM and BENumber is ZERO and total requested throughput is HIGH then Scheduler is PF
If rtPSNumber is HIGH and nrtPSNumber is ZERO and BENumber is MEDIUM and total requested throughput is HIGH then Scheduler is FCFS
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Fig. 3. Membership Functions for FAST

B. Membership Functions and Fuzzy Rules

We use four input metrics for the FAST, which are the

number of rtPS traffic flows, the number of nrtPS traffic

flows, the number of BE traffic flows, and the total requested

throughput. These metrics can be easily obtained from the

BS. We defined four membership functions to convert the

four input metrics into fuzzy sets (Fig. 3). We also defined

twenty fuzzy rules to select an optimal scheduler in a given

situation. Some representative fuzzy rules are shown in Table

IV. The membership functions and fuzzy rules are obtained

by analyzing Table III.

Each input value is converted into a fuzzy set (e.g., low or

high) through the corresponding membership function. After

that, each fuzzy rule is evaluated using the input fuzzy sets,

which are the results of the input values and membership

functions. These evaluation results are aggregated into a single

fuzzy set to derive an optimal scheduler for a given set of input

metrics. Finally, the output fuzzy set, which is an optimal

scheduler, is created using the CoG defuzzification method,

after which the FAST calls the selected optimal scheduler to

allocate requested resources to each flow.

C. Performance Evaluation

We implemented FAST using fuzzy-lite [23], which is a C++

based open-source fuzzy logic library. It supports both the

Mamdani and the Sugeno FISs, and has an object-oriented

structure, which simplifies its integration into our simulation.

0 10 40 70 100 130 160 190 220 230
s

VoIP

Video

File

Web

Fig. 4. Time-line for performance evaluation of FAST against FCFS, DRR,
WDRR, and PF schedulers.

We evaluated the performance of the FAST against the ex-

isting four individual schedulers. The simulation environment

and the four types of traffic models (VoIP, Video streaming,

File downloading, and Web browsing) were the same as the

ones we described in Section III. We simulated 5 traffic

flows for each traffic type. The start and end times of each

traffic followed the time-line depicted in Fig. 4. This scenario

built various situations, where existing traffic types changed

over time. For instance, there was only VoIP traffic in the

time period between 10 s and 40 s, whereas VoIP and File

downloading traffic co-existed in the 40 s and 70 s time period.

The simulation was repeated 5 times with a different random

seed, and the averaged results are given in Fig. 5, 6, and

Table V.

Fig. 5 depicts aggregated throughput (a), delay (b), and

packet loss ratio (c) of FAST against FCFS, DRR, WDRR,

and PF schedulers per 10 s, while Fig. 6 depicts delay (a, b,

c, d) and packet loss ratio (e, f, g, h) separately by traffic types.

The aggregated average throughput of each scheduler (Fig. 5a)

shows no clear difference among them, because the evaluation

scenario did not contain a congested situation; almost every

requested packet was served. So, we did not show throughput

comparison per traffic types in Fig. 6. In Fig. 5b, 6a, 6b,

6c, and 6d, FAST shows the lowest delay almost every time

except during the 70–100 s period. WDRR shows the lowest

delay in the 80–90 s period, but if we aggregate 70–100 s

period, FAST shows lowest delay. Fig. 5c depicts the packet

loss ratio comparison of each scheduler, and FAST provides

the lowest packet loss ratio in every situation except 100 and

150 s. Moreover, if you look at 100 and 160 s of Fig. 6e, 6f,

6g, and 6h, FAST is not the best scheduler. The main reason

is that the overhead of our mechanism introduces a cost in

terms of computational time to select an optimal scheduler

using the FIS and to switch from a one scheduler to another.

Quantifying and minimizing exactly this overhead is left for

our future work.

Table V shows averaged performance evaluation results in

terms of throughput, delay, and packet loss ratio by traffic
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Fig. 5. Aggregated performance comparison of FAST against FCFS, DRR, WDRR, and PF.
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Fig. 6. Delay and packet loss ratio comparison of FAST against FCFS, DRR, WDRR, and PF per traffic type.

types and schedulers. The “All” traffic type rows provide

aggregated average and standard deviation of four traffic types.

FAST provides the best performance in terms of delay and

packet loss ratio, while PF shows the highest throughput in

aggregated results. This can be explained by the behavior

of FAST, which selects the scheduler that perform better

for higher level QoS traffic. Also, FAST does not show the

best performance for VoIP and Video streaming traffic, due

to overhead. However, the difference between FAST and the

best scheduler’s performance is not significant. In addition,

the overhead for FAST can be minimized by optimizing the

parameters of FAST. Moreover, FAST shows relatively low

standard deviation compared to other schedulers, which means

that FAST provides stable performance.

V. CONCLUSION AND FUTURE WORK

In this paper, we have presented the performance evaluation

of four individual schedulers, and showed that no one could

satisfy all situations. Based on this fact, we proposed a fuzzy

logic based adaptive scheduler that dynamically selects the

best scheduler for a given situation switching from one sched-

uler to another trying to achieve the best global performances.
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TABLE V
AVERAGED PERFORMANCE EVALUATION RESULTS OF FAST AGAINST FCFS, DRR, WDRR, AND PF.

Traffic Type
Metric Scheduler All VoIP Video File Web

mean s.d. mean s.d. mean s.d. mean s.d. mean s.d.

Throughput
(kbps)

FCFS 1117 1 80 2 670 0 1278 0 124 0
DRR 1116 1 79 1 671 0 1278 0 124 0

WDRR 1115 2 77 4 671 0 1278 0 124 0
PF 1118 1 81 1 671 0 1278 0 124 1

FAST 1116 1 78 1 671 1 1278 0 124 0

Delay (ms)

FCFS 84 5 81 8 167 1 84 7 97 9
DRR 69 9 53 25 131 4 93 11 107 15

WDRR 67 9 50 29 130 2 89 11 103 15
PF 66 3 44 9 131 2 87 5 99 3

FAST 64 1 37 2 133 0 86 4 99 3

Packet loss
ratio (%)

FCFS 0.11 0.00 0.01 0.00 0.29 0.01 0.08 0.02 0.24 0.13
DRR 0.17 0.07 0.17 0.17 0.27 0.06 0.09 0.01 0.31 0.03

WDRR 0.16 0.07 0.15 0.20 0.23 0.01 0.11 0.00 0.19 0.05
PF 0.14 0.08 0.10 0.14 0.22 0.07 0.09 0.03 0.24 0.08

FAST 0.10 0.04 0.03 0.03 0.22 0.05 0.08 0.01 0.25 0.06

The obtained results show that our proposed scheduler slightly

outperforms the other schedulers for a variety of different

traffic scenarios.

The membership functions and fuzzy rules for the FAST are

obtained by manual analysis of the performance comparison

results. These parameters can be optimized by using more

sophisticated methods, such as machine learning algorithms

and bio-inspired techniques to adjust the fuzzy parameters that

yields an optimal solution.

Moreover, the evaluated scenarios in this paper cover only a

very small portion of all possible situations, though they take

into account more traffic variations than other publications.

We are going to build an information model that captures the

IEEE 802.16 BS context information by extending the DEN-ng

information model [24]. With this model, we aim to build more

robust and efficient experimental scenarios.
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