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Extended Abstract

Background and Objectives: Wireless Sensor Networks (WSNs) are a specific
category of wireless ad-hoc networks where their performance is highly
affected by application, life time, storage capacity, processing power,
topology changes, and the communication medium and bandwidth. These
limitations necessitate an effective data transport control in WSNs
considering quality of service, energy efficiency, and congestion control.
Methods: Congestion is an important issue in wireless networks. Congestion
in WSNs badly effects loss rate, channel quality, link utilization, the number
of retransmissions, traffic flow, network life time, delay, and energy as well
as throughput. Due to the dominant role of WSNs, more efficient congestion
control algorithms are needed.

Results: In this paper, a comprehensive review of different congestion
control schemes in WSNs is provided. In particular, different congestion
control techniques are classified according to the way congestion is detected,
notified and mitigated. Furthermore, congestion mitigation algorithms are
classified and different performance metrics are used to compare congestion
control algorithms.

Conclusion: In this paper, congestion mitigation algorithms are classified in
different groups. Finally, the current work attempts to provide specific
directives to design and develop novel congestion control schemes.
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Introduction

A WSN is a sensor node collection which is distributed
and organized in a network to monitor different
environmental or physical conditions as pressure,
vibration, motion, temperature and sound to estimate
the area or the monitored system state. WSNs gather
information required by smart environments as industrial
sites, buildings, home, and utilities. They are a sort of
communication network with one or more base stations
(sinks) and many sensor nodes deployed on a physical
area [1]. There exist five WSN types as mobile WSNs,
underwater WSNs, underground WSNs, terrestrial WSNs

Internet and satellite

Sensor field

Sensor nodes

Task manager node

Fig. 1: WSN architecture [1].

Congestion is an important issue in wireless networks
and WSN congestion can be classified as

and multi-media WSNs. Since WSNs are deployed on
different environments (land, underground and
underwater), they face a variety of constraints and
challenges [2]. Figure 1 shows the WSN architecture [3].

Doi: 10.22061/JECEI.2019.5093.188

A. Location-based

e Source congestion: It is created by the densely
deployed sensors which are the generating data packets
during a critical event. In this case, local de-
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synchronization of sources, resource control and
providing backpressure messages from the congestion
points to the sources is effective.

e Sink congestion: In this case, the hot-spot occurs
near the sink, so the packets will be lost in a congested
area near the sink farther from the sources. In sink
congestion, deploying multiple sinks which are uniformly
scattered across the sensor field, using a combination of
packet dropping techniques and localized back-pressure
will be helpful.

e Forwarder congestion: In this case, the hotspot is
created in the area around the intersection of data flows.
In forwarder congestion, resource control techniques
and quick resolve of localized. hotspots together with
closed-loop source rate regulation will be effective.

B. Packet-based

e Node-level congestion: It occurs when input load
exceeds available capacity ending in node buffer
overflow. In this case, the rate of packet service is less
than the rate of packet arrival and ends in packet loss
and power waste increase in WSNs which directly affects
network lifetime.

e Link-level congestion: It occurs when multiple nodes
use the same wireless channel which ends in collision, or
when link bandwidth reduces due to fading channels [4].
Fig. 2 shows congestion classification in WSNs.

Source
Congestion
Location- Sink
based .
. Congestion
congestion R
Forwarder
WSN Congestion
Congestion R ——
Node-level
Packet-based Congestion
congestion Link-level
Congestion

Fig. 2: Congestion classification in WSNs [1].

Three types of congestion in WSNs are shown in Fig. 3.

Congestion due to sharing the
same wireless channel by
several nodes

Sensor nodes

Cluster head

5

Congestion due to input
load exceeding the
available capacity

Relay node Sink

Fading channel O

Congestion due to link bandwidth
reduction because of fading
channels

Fig. 3: Congestion appearance in WSNs [4].
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Congestion renders loss rate rise, channel quality
degradation, unfair traffic flow, increased delay and
wasted energy. It also degrades the throughput,
increases the number of retransmissions, and decreases
the network life time and link utilization. So, it is
necessary to mitigate congestion in WSNs.

Some significant survey studies regarding congestion
control are presented in [5]-[22], however, introducing
new ideas on congestion control, using classifications,
comparing the schemes, recommending future directions
and discussion are rare.

In this paper, a comprehensive review of different
congestion control schemes in WSNs is presented. In
particular, different congestion control schemes are
classified based on the way congestion is detected,
notified and mitigated. Also, congestion mitigation
algorithms are classified. Furthermore, different performance
metrics are used to compare congestion control
algorithms. Finally, specific directives to design and
develop new congestion control schemes are provided.

The reminder of this article is as follows: Section 2
overviews congestion control schemes. Section 3
presents the evaluation metrics. Finally, Sections 4 and 5
provide the concluding remarks and future directions,
respectively.

Congestion Control Schemes in WSNS: An
Overview

The congestion control process includes three phases:
congestion detection where congestion should be
detected, congestion notification where upstream sensor
nodes are notified of congestion occurrence, and
congestion mitigation where congestion should be
mitigated and a suitable data rate should be selected.

Congestion Detection

Congestion detection refers to possible event
identification which may end in congestion occurrence in
network. In literature, different protocols detect
congestion using different combinations of the
parameters listed below [23]-[24]:

A. Packet loss

Packet loss is measured at the sender if ACKs
(Acknowledgements) are used [25]. Also, CTS (Clear to
Send) packet loss can be used as congestion
indication [26]. In some protocols, loss ratio [27] or the
time to repair losses [28] are used to detect congestion.

B. Queue length

Queue length can be easily used to detect congestion.
In [29]-[44], a fixed threshold is used as congestion
identification, however, the remaining buffer size from
the overall buffer is used in [45]. Congestion is detected
using the buffer length and the difference of output and
input times [46]-[47], the difference between the
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remaining buffer and the traffic rate [48], the number of
non-empty queues [49] and the buffer length and node
capacity [50]-[51].

C. Queue length and channel load

Since packets are removed if packet -collision
increases and after several unsuccessful Medium Access
Control (MAC) retransmissions, the buffer occupancy
decreases due to such drops may mean the absence of
congestion when only buffer state is used to detect
congestion. So, a hybrid mechanism is essential which
uses queue size and channel load to detect congestion
accurately [52]-[56]. Throughput and channel busyness
ratio are used to detect congestion in [57].

D. Packet service time

Packet service time is defined as the interval between
packet arrival at the MAC layer and its successful
transmission. It is the inverse of packet service rate [58].

E. Packet service time and queue length

Since using only the packet service time may be
wrong in case the incoming traffic is equal or less than
the outgoing traffic in the overloaded channel [4], both
queue length and packet service time are used to detect
congestion.

F. Ratio of packet service time and packet inter-arrival
time (scheduling time)

Packet service time is considered as the time interval
between the arrival of packet at node and the successful
transmission of the last bit of the same packet. In case
the packet service time exceeds the packet inter-arrival
time, packets suffer from long queue delays [59]-[60].
For congestion detection, the ratio of rates instead of
time is used in [61]-[63] or the difference between the
service and scheduling rates is used instead of the
ratio [64].

G. Delay

Delay is the time needed since the packet is generated
until it is received either at the next hop receiver [65]-
[66], or the end point receiver [67]. It is worth
mentioning that using delay as a congestion measure
may be misleading. Since the largest delay is caused by
sleep latency due to using duty-cycling at the MAC
layer [68].

H. Application fidelity

Application fidelity shows different measures
including data quality, and redundancy, the number of
successful event detections and the packet latency. In
case the received data fidelity is below the perceived
performance, congestion is detected [11].

I. Reliability parameters

Reliability parameters are used to detect congestion if
packets are frequently dropped and delayed

retransmissions occur due to the congestion. The most
common reliability parameters are loss rate, time to
recover packet loss, number of transmission attempts
made before a packet is delivered, and the
acknowledgement reception within time-out [11].

Congestion Notification

Congestion notification is assessed after it is detected.
In order to notify congestion, congestion information is
transmitted in different ways. Congestion notification
can be either explicit or implicit. Fig. 4 briefly shows the
congestion notification in WSNs.
A. Implicit
In this method, by overhearing the sent data packets,
congestion information is transmitted in the header of
data packets [58], [29][32], [60]-
[62], [54], [69], [51], [34]- [36], [133], [156], [166], [168].

B. Explicit
In this method, congested nodes broadcast separate

control packets to notify their congestion status [52]-
(53], [25], [70], [57], [33], [71]-[72], [27], [47], [43].

Explicit

Congestion

Notification

Implicit

Fig. 4: Congestion notification in WSNs [1].

Congestion Mitigation

There exist different congestion control algorithms.
Congestion mitigation is shown in Figure 5 and the
congestion mitigation schemes are presented in the
following subsections.

Traffic control |

Resource control

Traffic and resource control |

J Fairness- based congestion control |

Priority- aware congestion control
nd-to- end or hop by hop
congestion control
nergy efficient congestion
ntrol
Reliability- based congestion
control
ueue- assisted congestion
control
Centralized or distribute
congestion control
Generic or cross layer
congestion control

control
Soft compuring -based congestion I
control

Fig. 5: Congestion mitigation in WSNs.

Congestion mitigation
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Traffic Control

In traffic control
mechanisms [53], [72], [61], [63], [41], [35], [64], [50], [2
6]- [29], [56]- [57], [37], [39]- [40], [45], [73]- [80], the
number of injected packets into WSNs is reduced to
mitigate congestion. It can be either rate-based or
window-based. Some well-known traffic control
congestion control schemes are summarized as follows:

A. CODA [53]

CODA (Congestion Detection and Avoidance) controls
congestion using two strategies as open-loop hop-by-hop
backpressure and closed-loop multi-source regulation
where the former is used for transient congestion and
the latter is used for persistent congestion. CODA
eliminates flow starvation, reduces energy tax with low
fidelity, and is energy efficient, however, in CODA, rate
adjustment ends in packet loss, it is not reliable and no
differentiated service to multiple traffic classes is
achieved.

B. FUSION [29]

FUSION is a traffic control strategy which consists of
three congestion control techniques, i.e. hop-by-hop
flow control, source rate limiting and prioritized medium
access control (MAC). FUSION improves performance,
and it is fair. Also, prioritized access to wireless medium
is achieved in FUSION, however, in FUSION it is difficult
to find the threshold value, it cannot guarantee an
optimal transmission rate for fair and efficient nodes,
and it cannot guarantee broadcast messages to reach the
source.

C. CONSISE [72]

CONSISE is an adaptive rate control scheme where the
sending rate is determined and adjusted according to the
congestion level at the end of each epoch. Also, the
available bandwidth is used by downstream transmission
rate adjustment. CONSISE improves performance and
can be easily implemented, and is scalable, fair and
energy efficient, however, CONSISE controls congestion
from sink to sensors instead of sensor to sink. Table 1
shows the key ideas of different traffic control schemes.

Table 1: Traffic control schemes and their key ideas

Protocol Key idea

It controls congestion using open-loop
hop-by-hop backpressure and closed-
loop multi-source regulation.

FUSION consists of 3 congestion control
techniques as hop-by-hop flow control,
source rate limiting and prioritized MAC.
CONSISE determines and adjusts the
sending rate according to the congestion
level at the end of each epoch.

CODA [53]

FUSION [29]

CONSISE [72]
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Resource Control

Resource control is an alternative method to eliminate
the traffic control disadvantages where packets follow
uncongested alternative paths to
sink [32], [66], [42], [62], [43], [54]-[55], [76], [81]-
[90], [156]- [157]. Some well-known resource control
congestion control schemes are summarized as follows:

A. TARA  (Topology-Aware
strategy) [55]

TARA is a resource control strategy. In TARA, the link
congestion sum is defined and a graph-coloring approach
is used to estimate the capacity. Also, the degree of
topology interference is defined and the spatial
interference graph is constructed. In TARA fidelity
satisfaction is provided and energy conservation is
obtained. However, it is not scalable and high overhead
is achieved in large scale networks.

B. HTAP [32]

HTAP (Hierarchical Tree Alternative Path algorithm) is
a scalable resource control scheme which mitigates
congestion by creating dynamic alternative paths to sink.
It uses topology control, creates hierarchical tree and
alternative paths, and handles powerless nodes. It is
simple and minimum overhead is achieved. However, it is
not energy efficient.

C. SPEED [66]

SPEED is a resource control strategy. It diverts traffic
through multiple routes and regulates the sending rate,
so, the end-to-end packet delay becomes proportional to
the distance between the source and destination. In
SPEED, congestion is detected using a single hop sender
delay estimation. Also, congestion notification is
assessed using MAC layer feedback. SPEED
enhancements were presented in [81]- [82].

D. COALA (COngestion Alleviation and Avoidance) [156]

Resource  Adaptation

COALA acts both proactively and reactively, where the
former is used to avoid congestion occurrence in WSNs,
and the latter is used to mitigate the diffusion of
upcoming congestion through alternative path routing.
COALA operates by utilizing a cost function which
considers both static and dynamic metrics to send data
through the paths which are less probable to be
congested. COALA achieves remarkable reduction in
energy dissipation, transmission delays and loss ratios.

Table 2 shows the key ideas of different resource
control schemes.

Traffic and Resource Control

This hybrid technique employs both traffic and
resource control to face congestion and takes
advantages of both techniques [36], [91]- [92]. Some
well-known traffic and resource control congestion
control schemes are summarized as follows:



Congestion Control Approaches Applied to Wireless Sensor Networks: A Survey

A. TALONet [36]

In TALONet, congestion mitigation is achieved using
different transmission power levels. Also, buffer level
congestion is avoided using buffer management, and the
congested traffic resources are increased using a multi-
path detouring technique. TALONet operation includes
three phases as the network formation, the data
dissemination and the framework updating phase.
TALONet is not fair and it is not energy efficient.

B. CADA [91]

In CADA (Congestion avoidance, detection and
alleviation), information loss and energy consumption
are optimized. In this scheme both channel utilization
and buffer occupancy are used to measure the
congestion level, and source rate regulation and dynamic
traffic control are used to alleviate congestion. CADA
optimizes information loss and energy consumption,
improves energy consumption, throughput and end to
end delay, however it is not fair.

C. HRTC[92]

HRTC (Hybrid Resource and Traffic Control) is a
congestion control scheme which combines the desirable
features of the aforementioned schemes and provides a
suitable solution according to network condition. It uses
buffer occupancy and the remaining node power to
detect congestion. In HRTC implicit congestion
notification is assessed. It enhances network lifetime and
throughput; however, it is not energy efficient.

Table 3 shows the key idea of traffic and resource
control mechanisms.

Fairness and congestion control are different aspects
in WSNs which are related to each other. Fairness can be
considered as the ability to guarantee data sources have
equal access to bandwidth.

Fairness-Based Congestion Control

In this technique fairness is considered in the
congestion control scheme [52], [93]-
[96], [64], [142], [158].

Table 2: Resource control schemes and their key ideas

Protocol Key idea

TARA [55] It adopts different strategies for traffic
based on topology.

HTAP [32] HTAP presents dynamic alternative paths
to sink.

SPEED [66] SPEED diverts traffic through r.nultiple
routes and regulates the sending rate.
COALA acts both proactively and
reactively, where the former is used to

COALA [156] avoid congestion occurrence in WSNs,

and the latter is used to mitigate the
diffusion of upcoming congestion through
alternative path routing.

Table 3: Traffic and resource control schemes and their key
Idea

Protocol Key idea

It operates in 3 steps; the network
formation, the data dissemination and
the framework updating phase.

CADA uses channel utilization and buffer
occupancy to measure the congestion
level, and source rate regulation and
dynamic traffic control are used to
alleviate congestion.

In HRTC, a congested node uses a back-
pressure message in a hop-by-hop
communication link to inform a source
node to reduce its data rate.

TALoNet [36]

CADA [91]

HRTC [92]

Some well-known fairness-based congestion control
schemes are summarized as follows:

A. FACC (Fairness-Aware Congestion Control) [52]

FACC is a rate-based congestion control scheme
where the intermediate nodes are divided into near-sink
and near-source according to the QoS requirement and
application. It controls congestion and allocates a fair
bandwidth share to each active flow regarding its
generating rate. In FACC, the number of dropped
packets, energy consumption and the throughput are
improved, however, probabilistic dropping packet is
obtained.

B. PFRC [93]

In PFRC (Priority based Fairness Rate Control), the fair
bandwidth allocation is gained by prioritizing traffic
classes and using load and queue size of sensor nodes. In
PFRC, both Real Time (RT) and Non-Real Time (NRT)
traffic classes are taken into account. Rate adjustment is
accomplished using congestion detection, priority
adjustment and fairness control units. PFRC is fair,
however, it is not energy efficient.

C. REFIACC [94]

In REFIACC (Reliable, efficient, fair and interference-
aware congestion control), the interferences are avoided
and high bandwidth utilization fairness is achieved by
communication scheduling. Both congestion and
interference are alleviated in paths considering the
dissimilarity between link capacities in the scheduling
process. In this scheme, maximum available bandwidth is
gained using linear programming. REFIACC is fair,
however, it is not energy efficient.

D. CCF [64]

In CCF (Congestion Control and Fairness), congestion
is detected using packet service time and queue length.
Also, rate modification is accomplished based on packet
service time. In CCF, an exact rate adjustment is gained
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by child node number and the service rate available. It
controls congestion by measuring the average sending
rate of packets, dividing the rate among the downstream
nodes, adjusting the rate in case of queue overflow,
comparing the rate with the sending rate of parents and
finally propagating the smaller rate. CCF provides fair
rate assignment, it is scalable, distributed and reliable
and no additional control packets are required in CCF,
however, increased retransmissions, increased buffer
overflows and queueing delay and also low throughput
can be considered as its drawbacks.

Table 4 shows the key ideas of different fairness-
based congestion control schemes.

Priority- aware congestion control

In these schemes based on application, different
metrics as node, region, event or time are used to define
priority and congestion is controlled by considering

different priorities in congested
areas [60], [34], [37], [40]- [41], [50], [63], [75], [97]-
[107], [112], [147]-[148]. Some priority- aware

congestion control schemes are summarized as follows:

Table 4: Fairness-based congestion control schemes and their
key idea

Protocol Key idea

IT allocates a fair bandwidth share to
each active flow regarding its generating
rate.

PFRC allocates fair bandwidth by
prioritizing traffic classes and using load
and queue size of sensor nodes.
REFIACC alleviates congestion and
interference in paths considering the
dissimilarity between link capacities in
the scheduling process.

CCF modifies the rate based on packet
service time and an exact rate
adjustment is gained by child node
number and the service rate available.

FACC [52]

PFRC [93]

REFIACC [94]

CCF [64]

A. PCCP [60]

In PCCP (Priority-based Congestion Control Protocol),
the ratio between packet arrival and packet service time
is measured as congestion degree. PCCP uses rate
adjustment and different priority index degrees, and
supports fairness among nodes. PCCP controls congestion
based on node priority index and congestion degree. In
PCCP, high link utilization and flexible fairness are
obtained with small buffer size.

It is energy efficient and provides lower delay and less
packet loss, however, increased retransmissions, buffer
overflow and queueing delay can be considered as its
draw backs.
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B. ECODA (Enhanced Congestion Detection and

Avoidance) [34]

ECODA uses 3 strategies; ECODA detects congestion
using dual buffer thresholds and weighted buffer
difference, schedules packets using flexible queue
scheduler according to packet priority, and controls the
transmission rate. ECODA is energy efficient and fair and
has satisfactory QoS. However, the drawback is that
packet recovery is not accomplished in ECODA.

C. Priority-based congestion control dynamic clustering
(PCCDC) [101]

PCCDC conserves energy and avoids congestion during
multiclass traffic. In [101], mobile nodes are dynamically
organized into clusters. In PCCDC, linear and binary
feedback method is used to compute congestion at intra-
and inter cluster level. Each mobile node has a queue
model to schedule prioritized packet in case of
congestion without delay or drop. In PCCDC, the end to
end delay, packet drop and the control overhead are
reduced which ends in residual energy, packet delivery
ratio and network lifetime increase.

Table 5 shows the key ideas of different priority-
aware congestion control schemes.

Table 5: Priority- aware congestion control schemes and their
key ideas

Protocol Key idea
PCCP [60] !t controls congest.ion based on node priority
index and congestion degree.
ECODA uses dual buffer thresholds and
ECODA weighted buffer difference and schedules

[34] packets using flexible queue scheduler
according to packet priority.

PCCDC uses dynamic clustering which
conserves energy and avoids congestion
during multiclass traffic. In PCCDC, linear and
binary feedback method is used to compute
congestion at intra- and inter cluster level.
Each mobile node has a queue model to
schedule prioritized packet during congestion
without drop or delay.

PCCDC
[101]

End-to-End or Hop-by-Hop Congestion Control

In end-to-end congestion control
schemes [108], [112], it is necessary to propagate the
congestion onset between end- systems which ends in a
long latency, however, the hop-by-hop congestion
control [4], [109]-[119], [54], [70], [47]-
[48], [32], [50], [75], [47], [39], [45] reacts to congestion
immediately and is preferred to end-to-end one,
however more control is needed at the nodes. Some
well-known end-to-end or hop-by-hop mechanisms of
congestion control in WSNs are reviewed as follows:
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A. End to end congestion control
networks [108]

In this scheme, congestion is prevented whether the
bottleneck queue sizes and traffic arrival rates are known
or unknown. In the latter, the buffer occupancy is
measured by an adaptive system to estimate the
network traffic. In both architectures, congestion control
is accomplished by certain real-time and non-real-time
source rate adjustment. The drawback is that the control
pattern in this scheme is end-to-end.

B. DPCC [4]

In DPCC (Decentralized, predictive congestion
control), a hop-by-hop flow control is utilized. In DPCC
the congestion onset can be predicted and the incoming
traffic is reduced using backpressure signal. Also, weights
are updated by an adaptive scheduling scheme. The
convergence analysis is accomplished using Lyapunov-
based approach. In DPCC, the onset of congestion is
predicted, it is energy efficient and decentralized,
however, significant drop rate is gained.

Table 6 shows the key ideas of different end-to-end or
hop-by-hop congestion control schemes.

in  high-speed

Table 6: End-to-end or hop-by-hop congestion control schemes
and their key ideas

Protocol Key idea

Ref. [108] It controls congestion by certain tjeal—time
and non-real-time source rate adjustment.
DPCC uses rate-based control and back-off
interval selection. In DPCC, the congestion

DPCC [4] &

onset can be predicted and the incoming
traffic is reduced using backpressure signal.

Energy Efficient Congestion Control

WSNs are energy constrained, so network lifetime
reduction is gained in case the source sending rate is
upper bounded by congestion limits. However, applying
an upper bound regarding the application fidelity is
important. So, designing energy efficient congestion
control schemes [120]- [122], [56], [149], [159]- [161] is
of paramount importance. Some well-known energy
efficient congestion control schemes are summarized as
follows:

A. Energy-efficient predictive congestion control [120]

In energy-efficient predictive congestion control,
congestion prediction and control are assessed using a
probabilistic and rate control method, respectively
where the former is developed using buffer occupancy
and data traffic, and the latter uses rate regulation, rate
reduction, and split protocol for throughput
enhancement and packet drop reduction. Also, an energy
efficient routing is used. Energy-efficient predictive

congestion control [120] can predict the congestion
onset and it is energy efficient and distributed.

B. Energy-balanced scheme based on

(CcEbH) [121]

In CcEbH, congestion is detected using queue size
and explicit congestion notification is assessed. It uses
dynamic alternative route for congestion mitigation. It
effectively deals with wireless network and improves
energy consumption; however, it is not fair.

Table 7 shows the key ideas of two main schemes for
energy efficient congestion control.

Hierarchy

Table 7: Energy efficient congestion control schemes and their
key ideas

Protocol Key idea
Energy-
efficige\;t In Energy-efficient predictive congestion

. control [120], congestion prediction and
predictive . . A

. control are accomplished using a probabilistic
congestion and rate control method, respectivel
control [120] » Fesp V-
It uses dynamic alternative route for

(CcEbH) [121] v

congestion mitigation.

Reliability- based congestion control

Reliability refers to the segment successful delivery
from the source to the destination which must efficiently
detect packet drops and retransmit them to the relevant
sources. Some congestion control protocols claim to
achieve reliability [25], [65], [90], [122]-[126], [39], [27]-
[28], [30]- [31], [162] however, some protocols are only
congestion control [63]-[64], [53]-[54], [29], [60], [113]
and some protocols are only reliable [45], [153]- [155].
Some well-known reliability-based congestion control
schemes are summarized as follows:

A. ART [25]

In  ART (Asymmetric and Reliable Transport),
congestion control is combined with event and query
reliability. Nodes are classified as essential and non-
essential where the former are chosen among higher
energy level nodes which form a topology toward the
sink. Also, reliability is gained by recovering the lost
packets. ART is energy efficient, however, it is not fair.

B. HRCCTP (Hybrid Reliable and Congestion Control
Transport Protocol) [123]

In HRCCTP, congestion is mitigated using rate
adjustment to optimal value but not at the cost of
throughput and delivery ratio reduction. In this scheme,
information flow reliability is maintained. HRCCTP is
scalable and can work with any routing protocol. The
drawback is that it is not energy efficient.

Table 8 shows the key ideas of two reliability-based
congestion control schemes.
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Table 8: Reliability- based congestion control schemes and their
key ideas

Protocol Key idea
ART [25] It controls congestign c.(?mbined with
event and query reliability.
HRCCTP mitigates congestion by using
HRCCTP [123] rate adjustment to optimal value but not

at the cost of throughput and delivery
ratio reduction.

Queue- Assisted Congestion Control Schemes

In these schemes [4], [112]-[113], [38], [41], [126]-
[127], congestion is tackled by node queue size where
queue size is kept at the minimum size using rate
adjustment  techniques as  Additive Increase
Multiplicative Decrease (AIMD). Some queue-assisted
congestion control schemes are summarized as follows:

A. IFRC [38]

IFRC (Interference Aware Fair Rate Control), which is a
distributed rate allocation protocol, controls congestion
using AIMD scheme on each link. It can determine
congestion level using static queue threshold. In IFRC
packet drop reduction is achieved by throughput
reduction. In IFRC, fair bandwidth allocation is achieved,
however, the threshold value shall be selected.

B. HOCA [119]

In Healthcare-aware Optimized Congestion Avoidance
(HOCA), congestion is detected using queue size and
implicit congestion notification is assessed. HOCA uses
multipath routing to mitigate and control congestion.
HOCA avoids congestion, allocates bandwidth in a fair
pattern and uses 2 routing Tables for sensitive and non-
sensitive data, however, in HOCA, the threshold value
shall be selected, and congestion avoidance for non-
sensitive date is not possible.

Table 9: Queue- assisted congestion control schemes and their
key ideas

Protocol Key idea
It uses AIMD to adjust the outgoing rate of
IFRC [38] each link and determines congestion level
using static queue threshold.
HOCA [119] HOCA uses muItipat.h routing to mitigate
and control congestion.
QCCP-Ps is a queue-assisted congestion
QCCP- control scheme which supports priority. It
Ps [41] uses congestion degree to adjust the node

traffic rate.

C. QCCP-Ps [41]

In QCCP-Ps, congestion is detected using queue size
and implicit congestion notification is assessed. QCCP-Ps
avoids unnecessary packet loss by adjusting the traffic
rate of each node based on its congestion degree. QCCP-
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Ps is fair and reliable and has low packet loss, however, it
cannot handle prioritized data.

Table 9 shows the key ideas of queue-assisted
congestion control schemes.

Centralized or Distributed Congestion Control

In the centralized congestion control
schemes [31], [76] routing protocols are aided with
congestion control; however, cross-layer and buffer-
based congestion control schemes are wused in
distributed congestion control schemes [4], [93], [112]-
[113], [109]-[110], [163]. Some well-known centralized or
distributed congestion control schemes are summarized
as follows:

A. RDANQCC [109]

RDANQCC (Robust Decentralized Adaptive
Nonquadratic Congestion Control Scheme) is robust
against the queue size changes and the resultant delay
changes. In this scheme, congestion detection is
accomplished using queue utilization and channel
estimation algorithm. Also, an adaptive back-off interval
selection and a robust controller are utilized to enforce a
suitable rate. The control problem is solved using an
iterative linear matrix inequality (ILMI) and the
convergence analysis is accomplished using nonquadratic
Lyapunov-based approach and a controller is used to
stabilize the whole system. RDANQCC is robust to queue
size changes and the consequent delay changes and it is
decentralized, however, significant drop rate is gained.

B. LCC[110]

LCC (LMlI-based Congestion Control) is robust against
the queue size changes and the consequent delay
changes. In this scheme, congestion detection is
accomplished using queue utilization and channel
estimation algorithm and an adaptive back-off interval
selection and a robust controller are utilized to enforce a
suitable rate.

Table 10: Centralized and distributed congestion control
schemes and their key ideas

Protocol Key idea

It is robust against queue size changes and
the resultant delay changes. It uses rate-
based control and back-off interval
selection. The control problem is solved
using an ILMI.

LCC is robust against queue size changes
and the resultant delay changes. It uses
rate-based control and back-off interval
selection. The control problem is solved
using LMls.

RDANQCC [109]

LCC[110]

The control problem is solved using linear matrix
inequalities (LMIs), the convergence analysis is
accomplished using nonquadratic Lyapunov-based
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approach and each subsystem is stabilized using a
controller. Also, performance is considered and a
guaranteed decay rate is gained. LCC is robust to queue
size changes and the consequent delay changes and it is
decentralized, however, significant drop rate is gained.

Table 10 shows the key idea of centralized or
distributed congestion control schemes.

Generic Or Cross Layer Congestion Control

Most congestion control schemes presented for WSNs
are designed across the transport and MAC layers and
even the network layer. However, in cross-layer
design [62], [128]-[129], [87], [119], [130]- [131] different
layers are interacted which helps in end-to-end delay
minimization and WSN enhancement. Some well-known
generic or cross layer congestion control schemes are
summarized as follows:

A. CL-APCC [128]

In CL-APCC (Cross-layer Active Predictive Congestion
Control), data flows of a single-node regarding its
memory status is examined by employing queuing
theory. Also, the average occupied memory size of local
networks is analyzed. Also, in CL-APCC the current data
change trends of local networks are analyzed to forecast
and adjust the node sending rate in the next period. CL-
APCC is timeliness and fair, however, it is not efficient.

B. A cross-layer design for congestion control in UWB-
based wireless sensor networks [129]

In [129], congestion is detected using queue size and
implicit congestion notification is assessed. In this
scheme, congestion control in UWB-based sensor
networks is modelled as a cross-layer optimization
problem to maximize throughput. It uses congestion
control and power control jointly. In this scheme, hop by
hop congestion control is used and throughput
improvement is achieved by joint congestion and power
control, however, the maximum achieved throughput is
limited by the bottleneck capacity. Also, the end to end
delay is increased in [129]

Table 11 shows the key ideas of generic or cross layer
congestion control schemes.

Table 11: Generic or cross layer congestion control schemes
and their key ideas

Protocol Key idea
It uses queueing theory to examine data
CL- flows of a single-node regarding its
APCC [128] memory status and analyzes the average
occupied memory size of local networks.
In [129], congestion control in UWB-based
sensor networks is modelled as a cross-
[129] layer optimization problem to maximize

throughput. In this scheme, congestion
control and power control are assessed
jointly.

Content-Aware Congestion Control

While most congestion control schemes render high
performance in scalar sensors, they do not provide high
multimedia quality in wireless multimedia sensor
networks (WMSNs). The reason is that, they treat
multimedia packets and regular data packets in the same
way, however, some packets are of greater value in
multimedia communications. In  [92], [133]-[134],
congestion control schemes in WMSNSs is studied. Some
content-aware congestion control schemes are
summarized as follows:

A. WCCP [87]

In WCCP (WMSN Congestion Control Protocol), the
multimedia content characteristics are considered. In this
scheme, source congestion avoidance protocol and
receiver congestion control protocol are employed in
source and intermediate nodes, respectively. In source
congestion avoidance protocol, group of picture size
prediction is used to detect congestion and congestion is
avoided by adjusting the source node sending rates and
distributing the departing packets from them. In
addition, the queue size of the intermediate nodes is
monitored in receiver congestion control protocol to
detect congestion in event-driven and monitoring
traffics. In WCCP, the quality of received video in sink
and the network performance are improved, however, it
is not energy efficient.

B. Ref. [133]

In [133], a novel congestion control scheme is
presented to transmit the video stream which provides
fast congestion detection and control based on video
information property. In this scheme, queue size and
video information property are used for video
transmission in wireless multimedia sensor networks and
a congestion index is assigned based on the queue length
of intermediate nodes. The traffic sources in network
adjust the transmission rate based on the
aforementioned congestion index. In [133], performance
is improved in terms of packet loss, delay, energy
consumption and high video quality. Table 12 shows the
key ideas of content-aware congestion control schemes.

Table 12: Content-aware congestion control schemes and their
key ideas

Protocol Key idea
It uses source congestion avoidance
protocol in the source nodes and receiver
congestion control protocol in the
intermediate nodes.
In [133], queue size and video information
property are used for video transmission in
wireless multimedia sensor networks and a
congestion index is assigned based on the
queue size of intermediate nodes.

WCCP [87]

[133]
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Soft Computing- Based Congestion Control

Soft computing techniques are applied to different
WSN applications based on their heterogeneous and
dynamic characteristics. They enhance the effectiveness
of WSNs in different aspects as design, deployment,
network challenges and power consumption. Different
soft computing paradigms as fuzzy
logic [100], [127], [135]-[136], [141]-[148], [164]-[170],
games theory [137],[171], swarm intelligence [138]-
[140], [144], [149]-[150], [172]-[175], learning automata
[84], [116], [176]- [178], and machine learning [179]-
[182] are applied to different WSN applications. Some
well-known soft computing-based congestion control
schemes are summarized as follows:

A. Fuzzy logic-based congestion control [135]

In [135], congestion detection is accomplished by
congestion degree as buffer occupancy and congestion
index which is determined by Fuzzy Inference System. In
this scheme, network load is quickly perceived, the
congestion degree is periodically calculated using fuzzy
logic, and the upstream traffic rate is properly and timely
adjusted based on the congestion degree to avoid packet
loss. Fuzzy logic-based congestion control is not fair and
it is not energy efficient.

B. Bio-Inspired scheme for Congestion Control [140]

The protocol presented in [140] is a hybrid congestion
control scheme for large-scale WSNs. In this scheme,
congestion is avoided using a competitive Lotka-Volterra
model and fairness is guaranteed among sensor nodes.
Also, the model enhancement is obtained by particles
swarm optimization (PSO). Bio-Inspired scheme for
Congestion Control is distributed and fair, however, it is
not energy efficient.

C. HTCCFL Hierarchical Tree-based Congestion Control
using Fuzzy Logic heterogeneous traffic [145]

There are three operation phases in HTCCFL, i.e.,
hierarchical tree construction, fuzzy-based congestion
detection and priority-based rate adjustment. In
hierarchical tree construction phase, topology control
algorithm is used to construct a hierarchical tree. In
fuzzy-based congestion detection, congestion is detected
using a fuzzy logic technique, and in priority-based rate
adjustment, a dynamic rate adjustment is performed.
HTCCFL improves energy consumption, packet dropping
and packet delivery ratio, however, excessive jitter with
varying data rates is gained.

D. Ref. [164]

In [164], a path determination architecture for WSNs
is presented which considers congestion. The scheme
includes constructing initial path in a top-down
hierarchical structure, path derivation with energy-aware
routing and predicting congestion using exponential
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smoothing. Fuzzy logic system is used to determine the
proper weights for several factors as the forwarding rate,
buffer occupancy and the remaining energy, and finally
the membership function weights are optimized using a
bat algorithm. In this scheme, low packet loss, high
throughput, prolonging the network lifetime and
balancing the energy consumption are obtained.

Table 13 presents the key ideas of soft computing-
based congestion control schemes.

Results and Discussion

It is necessary to evaluate the performance of
congestion control algorithms to show how effective
they are. There exist different evaluation metrics which
are listed as follows [183]:

A. Source rate

It is the total number of data packets which are
generated by sources per second [52], [48], [64].

Table 13: Soft computing- based congestion control schemes
and their key ideas

Protocol Key idea

In Fuzzy logic-based congestion control,
network load is quickly perceived, the
congestion degree is periodically
calculated using fuzzy logic, and the
upstream traffic rate is properly and
timely adjusted based on the congestion
degree to avoid packet loss.

In [140], congestion is avoided using a
competitive Lotka-Volterra model and
fairness is guaranteed among sensor
nodes. Also, the model enhancement is
obtained by PSO.

HTCCFL has three operation phases, i.e.
hierarchical tree construction, fuzzy-
based congestion detection and priority-
based rate adjustment.

In [164], a path determination
architecture for WSNs is presented which
considers congestion. The scheme
includes constructing initial path in a top-
down hierarchical structure, path
derivation with energy-aware routing
and predicting congestion using
exponential smoothing.

Fuzzy logic-
based
congestion
control [135]

[140]

HTCCFL [145]

[164]

B. The total throughput at the sink

Throughput is the number of received packets per
unit time [26], [52], [50], [59]- [60], [63]-[64], [69]-
[70], [33]-[34], [37]-[40], [56]- [57], [42] throughput is
defined as the total number of received packets by sink
during the simulation time and the weighted throughput
with respect to data priorities is studied in [61], [35].

C. Network goodput

It is considered as the lowest packet reception rate at
the base-station from any network node [28], [76].
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D. Network Lifetime

Network lifetime shows the long-term network energy
efficiency which is increased in case the node power is
uniformly exhausted [11].

E. Energy efficiency

Energy efficiency includes the energy spent in channel
listening, packet transmission and forwarding in network.
It is also measured per unit of received packets or
successful
communication [30], [55], [74], [36], [27], [63], [42], [26],
[56]. Energy efficiency is also presented by the ratio of
final energy to initial energy in [62], [40], [47] and the
delivery ratio [44], [52].

F. Energy tax

Energy tax is defined as the ratio of the total number
of dropped packets in the sensor network to the total
number of received packets at the sinks [32], [53]-[54].

G. Packet loss ratio

Packet loss ratio is the ratio of the number of lost
packets due to buffer overflow and bit-error to the
number of generated packets [58], [25], [70], [50]-
[51], [61], [67], [63], [45]-[47], [66]. Also, the number of
retransmissions per node is used in [64] and the number
of packet drops is used in [32], [36], [52].

H. Fairness

Fairness shows [32] is desirable to fairly allocate the
delivered bandwidth to the base-station from each
node [52], [58], [29], [69], [74], [37]-
[38], [117], [76], [57], [44]. Also, weighted fairness with
respect to data priority is studied in [50], [34], [4] and
node throughput is used to guaranty fairness in [47].
Congestion control and fairness are different aspects
which are related [44]. Fairness is the ability which
ensures all data sources to have equal access to network
bandwidth. In WSN monitoring or control applications,
events with different priorities exist which need to be
reported at different rates. In such cases, weighted
fairness is essential rather than equality fairness which is
assessed in different ways. In [29], [44], a token bucket
scheme is suggested where only a node which has a
token can transmit.
In [52], [58], [60], [31], [70], [73], [50], [61], [34]-
[35], [67], [28], [40]-[41], [65], [63], [56], [64], the exact
rate partitioning is utilized for both equal and weighted
divisions, however,
in [46], [71], [38], [76], [51], [47], [4], [59] scheduling is
used in addition to rate partitioning.

I. Memory requirements

Memory requirements depends on the number of
sensing units and the code and buffer length [63].

J. End-to-end delay

It is introduced to measure the time needed for a
packet to reach the sink [29]-
[30], [25], [45], [32], [34], [37], [67], [72], [51], [76], [57],
[26]. Also, weighted delay is used in [35], [4] and per hop
delay is used in [40].

K. Instantaneous queue size

It shows the stability or the variations of queues [61]-
[62], [38]-[40], [51], [4]. Also, the weighted queue is used
in [63] where the queue weight is based on the
importance of the associated events.

L. Control packet overhead

It shows the number of packets which are used by the
protocol [70], or the ratio to total packets [42], [48].

M. Fidelity index

Fidelity index is the ratio of the number of packets
targeted to be received by the application, to the
number of packets properly received [55].
N. Fidelity Penalty

It is the delivery of the required number of data event
packets in a specific time limit [53].

Table 14 presents the comparison of congestion
control schemes regarding congestion notification.

Table 14: Comparison of congestion control schemes in wsns
based on the congestion notification

Congestion

Protocol Notification

CODA [53], TARA [55], FACC [52], [108],
Energy-balanced scheme based on
Hierarchy (CcEbH) [121], ART [25],
HTCCFL [145], HRCCTP [123]

Explicit

FUSION [29], CONSISE [72], HTAP [32],
TALoNet [36], CADA [90], HRTC [92],

CCF [64], PCCP [60], ECODA[34], DPCC [4],
HOCA [119], RDANQCC [109], LCC [110],
IFRC [38], CL-APCC [128], [129],

WCCP [87], QCCP-Ps [41], Fuzzy logic-
based congestion control [135]

Implicit

Tables 15, 16, 17, 18, 19 respectively show the
comparison of congestion control schemes regarding
control pattern, loss recovery, the fairness issue, energy
conservation, and cross layer or generic.

Table 20 presents the comparison of congestion
control schemes regarding congestion detection.

Finally, Table 21 shows the comparison of congestion
control schemes regarding different performance
metrics.
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Table 15: Comparison of congestion control schemes in WSNs
based on the control pattern

Control

Protocol
pattern

CODA [53], [108] End-to-End

CODA [53], FUSION [29], CONSISE [72],
TARA [55], HTAP [32], TALoNet [36],
CADA [91], FACC [52], Energy-balanced
scheme based on Hierarchy (CcEbH) [121]
, Priority based Fairness Rate Control
(PFRC) [93], SPEED [66], HRTC [92],
REFIACC [94], CCF [64], PCCP [60],
ECODA[34], DPCC [4], HTCCFL [145],
RDANQCC [109], LCC [110], Energy-
efficient predictive congestion

control [120], HOCA [119], ART [25],
HRCCTP [123], IFRC [38], CL-APCC [128],
WCCP [87], Fuzzy logic-based congestion
control [135], QCCP-Ps [41], [129], [140]

Hop-by-Hop

Table 16: Comparison of congestion control schemes in WSNs
based on loss recovery

Loss
Protocol

recovery
CONSISE [72], CCF [64], ART [25] Yes
CODA [53], FUSION [29], TARA [55],
HTAP [32], TALoNet [36], CADA [91],
FACC [52], Priority based Fairness Rate
Control (PFRC) [93], REFIACC [94],
PCCP [60], ECODA [34], [108], DPCC [4],
RDANQCC [109], LCC [110], Energy- No

efficient predictive congestion

control [120], HRCCTP [123], SPEED [66],
IFRC [38], CL-APCC [128], WCCP [87],
Fuzzy logic-based congestion

control [135], Bio-Inspired scheme for
Congestion Control [140]

Table 17: Comparison of congestion control schemes in WSNs
based on the fairness

Protocol Fairness
CONSISE [72], FACC [52], Priority based

Fairness Rate Control (PFRC) [93],

REFIACC [94], CCF [64], PCCP [60], Yes
ECODA [34], [108], IFRC [38], CL-

APCC [128], [140]

CODA [53], FUSION [29], TARA [55],

HTAP [32], TALoNet [36], CADA [91],

DPCC [4], RDANQCC [109], LCC [110],
Energy-efficient predictive congestion No
control [120], ART [25], HRCCTP [123],

WCCP [87], Fuzzy logic-based congestion
control [135]

140

Table 18: Comparison of congestion control schemes in WSNs
based on energy conservation

Energy

Protocol i
conservation

CODA [53], FUSION [29],

CONSISE [72], TARA [55],

CADA [91], FACC [52], PCCP [60],
ECODA [34], DPCC [4], RDANQCC Yes
[109], LCC [110], Energy-efficient
predictive congestion control [120],
ART [25], WCCP [87]

HTAP [32], TALoNet [36], Priority
based Fairness Rate Control

(PFRC) [93], REFIACC [94], CCF [64],
Energy-balanced scheme based on
Hierarchy (CcEbH) [121], [108],
HRCCTP [123], IFRC [38], CL-

APCC [128], Fuzzy logic-based
congestion control [135], Bio-
Inspired scheme for Congestion
Control [140]

Table 19: Comparison of congestion control schemes in WSNs
based on cross layer/generic

Cross-

Pr |
otoco layer/Generic

CODA [53], FUSION [29], CONSISE [72],
TARA [55], HTAP [32], TALoNet [36], CADA
[91], FACC [52], Priority based Fairness Rate
Control (PFRC) [93], HTCCFL [145],
REFIACC [99], CCF [64], PCCP [60],

ECODA [34], Energy-balanced scheme
based on Hierarchy (CcEbH) [121], [108],
DPCC [4], RDANQCC [109], LCC [110],
HOCA [119], Energy-efficient predictive
congestion control [120], SPEED [66],
HRTC [92], ART [25], HRCCTP [123],

IFRC [38], [129], Fuzzy logic-based
congestion control [135], QCCP-

Ps [41], [140]

CL-APCC [128], WCCP [87]

Generic

Cross-layer

Conclusions

One of the challenges that wireless sensor networks
face to it is network congestion.

Congestion ends in loss rate rise, channel quality
degradation, unfair traffic flow, increased delay and
wasted energy.

It also affects throughput, number of retransmissions,
network life time and link utilization. So, it is necessary to
mitigate congestion in WSNs.

In WSNs, congestion detection is accomplished by one
or more nodes along the upstream path towards the
sink.
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Table 20: Comparison of congestion control schemes in WSNs
based on congestion detection

Protocol Congestion detection
FUSION [29], HTAP [32],
TALoNet [36],
ECODA [34], [108],
HOCA [119], Queue size

HRCCTP [123], [129],
IFRC [38], QCCP-Ps [41], CL-
APCC [128], WCCP [87]

CODA [53], TARA [55],

CADA [91], FACC [52], Queue size and channel

DPCC [4], RDANQCC [109], load
LCC[110]
CONSISE [72] Periodic rate control
Based on input and output
PFRC [93
c 193] rate difference of a given node
CCF [64] Packet servnce.tlme and
queue size
Packet service time and
PCCP [60] packet inter-arrival time

ratio

Buffer occupancy and an
Energy-efficient predictive adaptive
congestion control [120] threshold on node buffer

capacity
ART [25] Ack loss

Fuzzy logic-based congestion
control [135]

Buffer occupancy and
congestion index

REFIACC [94], Bio-Inspired
scheme for Congestion
Control [140]

None

There exist different metrics to detect congestion, i.e.,
packet loss, queue size, queue size and channel load,
packet service time, channel busyness ratio and
throughput measurement, packet service time and
queue size, delay, scheduling time, reliability parameters
and application fidelity. Once congestion is detected, it
needs to be notified either implicitly or explicitly across
the wireless network. For congestion notification, implicit
congestion notification is suggested to prevent extra load
in the congested network. In this paper, a comprehensive
review of popular congestion control schemes in WSNs is
presented.

The protocols are classified into 13 categories, i.e.,
Traffic control, Resource control, Traffic and Resource
control, Fairness-based congestion control, Priority-
aware congestion control, End-to-End or Hop-by-Hop
congestion control, Energy efficient congestion control,
Reliability-based congestion control, Queue-assisted
congestion control, Centralized or distributed congestion
control, Generic or cross layer congestion control,

Content-aware congestion control and Soft computing-
based congestion control schemes. Herein, different
features and congestion evaluation metrics are outlined,
i.e., source rate, throughput, goodput, network efficiency
or life time, energy efficiency, packet loss ratio, fairness,
memory requirements, end-to-end delay, instantaneous
qgueue size, control packet overhead, fidelity index and
penalty, and the congestion control schemes are
compared regarding the aforementioned features. The
selection of congestion control scheme is highly
dependent on WSN application, since WSN applications
directly affect the control applied to data traffic in
network.

According to data delivery methods, WSN applications
are classified as continuous applications, event-based
applications, query-driven applications and hybrid

applications. For congestion control, energy efficiency
and being easily implementable is of paramount
importance.

Hop-by-hop congestion control schemes are also
suggested, since end-to-end schemes end in error rate
and latency increase and reduced responsiveness.

It is expected that the future directions for congestion
control in WSNs will be focused on the following items:

- Congestion control schemes shall be robust against
internal perturbations and external stimuli, since WSNs
are mostly set up in adverse conditions, robustness
against the environmental strains and the ability to
autonomously recover from error situations is of
paramount importance.

- Congestion control schemes shall be scalable to be
able to adapt to the number of sensor nodes.

- Congestion control schemes shall be self-adaptable
to respond to sudden environmental changes and node
removal or addition.

- Congestion control schemes shall be simply
implementable since WSNs are both energy-constrained
and memory-constrained.

- Congestion control schemes shall be autonomous
and decentralized to provide fast congestion relief.

Decentralized Congestion control schemes adopt a by
hop model so that all nodes along a network path involve
in the procedure. However, End to end congestion
control schemes are not effective and end in high error
rates and increased latency.

- Congestion control schemes shall consider both
wireless channel contention losses and queue
occupancy or buffer drops to infer congestion. This is due
to the fact that queue occupancy alone is not an
indication of congestion and wireless channel contention
losses quickly increase with channel load and end in
buffer drop increase.

- Congestion control schemes shall consider the
security issue since it is crucial in many applications.
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Table 21: Comparison of congestion control schemes in WSNs based on performance metrics

Protocol Performance metrics Protocol Performance metrics
CODA [53] Fidelity penalty, Energy tax RDANQCC [109] Network efficiency, Throughput
Energy-efficient Outgoing and incoming rate
predlctlye ratio, . LCC[110] Network efficiency, Throughput
congestion Queue utilization,
control [120] Congestion probability
CONSISE Retransmission number, Energy-balanced scheme Average residual energy,
[72] Latency, based on Hierarchy Average end-to-end delay, Throughput,
Number of sent request (CcEbH) [121] Packet drop rate
Bit energy consumption, End-to-end delay, Residual energy,
TARA [55] Total energy consumption, ART [25] Network
Fidelity index lifetime, Loss ratio
FUSION Fairness, Throughput, HRCCTP Energy loss, Throughput, Average delay,
Packet latency, Network . .
[29] L. [123] Average delivery ratio
efficiency
Max/Min goodput, Throughput, Rate of
TALoNet Power IFRC [38] packet reception, Adaptation,
[36] consumption, Packet drops Instantaneous
queue length
HRTC [92] Throughput HTAP [32] End-to-end delay, Packet drops, Network
power
Energy efficiency, Average
CADA [91] per-hop delay, CL-APCC [128] Energy consumption, End-to-end delay
E2E delay
Fairness,
faldolenl Packet loss, Throughput, WCCP [87] Throughpullt, E2E d(lelay,
Packet delivery ratio
Source rate
Priority based
Fairness Rate Delay, Throughput, Loss QCCP-Ps [41] Priority, Packet loss, Throughput

Control (PFRC) [93]

Reception ratio,

Bio-Inspired scheme for

E2E delay, Packet delivery ratio,

F9E9F]IACC Throughput Congestion Control [140]  Throughput
Packet
generation rate, Fairness,
CCF [64] The number of [129] Fairness, Throughput
retransmissions
Per Packet
Normalized system Fuzzy logic-based
PCCP [60] throughput 5] Throughput, Delay, Packet loss rate
E2E latency, Network life Control packet
HOCA [119] time, Energy consumption, SPEED [66] Overhead, E2E missed ratio,
Fairness Energy consumption
ECODA Weighted fairness, HTCCFL [145] Delay, Energy c?nsumption . .
[34] Throughput, E2E delay Packet drop ratio, Packet delivery ratio
Transmission delay,
[108] Fairness, Network DPCC [4] Network efficiency, Throughput

utilization, Packet loss

Also, the interactions between congestion control and

security shall be considered and protection against
adversary and malicious nodes is essential.

- Congestion control schemes shall apply experimental
methods to examine the effectiveness of these schemes
in real life scenarios.

In most congestion control schemes, primary tools are
used to evaluate the schemes, however, it is suggested
to evaluate the schemes in real life scenarios. Also,
experimental verification of congestion control schemes
on large scale networks is required.
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- Congestion control schemes shall optimize network
performance since network performance is of
paramount importance and the trade-off among
different factors to control congestion and optimize
network performance is required.

- Congestion control schemes shall consider new WSN
generations. New WSN generations as Under Water
Sensor Networks (UWSNs), Body Area Sensor Networks
(BASN) and Wireless Multimedia Sensor Networks
(WMSNs) bring about new issues in the design of
congestion control schemes which shall be considered as
a future work.

- Congestion control schemes shall be both traffic and
resource control to be able to adapt traffic rate and
redirect traffic at the same time. Also, the effectiveness
of such hybrid protocols shall be investigated in real life
networks.

- Congestion control schemes shall be cross-layer to
be able to interact with different layers.

- Congestion control schemes shall consider soft
computing techniques to enhance network performance
since these techniques can optimize network challenges,
power consumption and design and deployment aspects.

- Congestion control schemes shall consider machine
learning techniques. Since traditional WSN approaches
are explicitly programmed, the network can hardly
respond to internal or external factors, so machine
learning techniques as self-learning procedures from the
experiences without human intervention are suggested
to react accordingly.
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Abbreviations

TARA Topology-Aware Resource Adaptation

strategy

CODA Congestion Detection and Avoidance

HTAP Hierarchical Tree Alternative Path
algorithm

COALA COngestion Alleviation and
Avoidance

CADA Congestion avoidance, detection and
alleviation

HRTC HRTC Hybrid Resource and Traffic
Control

PFRC PFRC Priority based Fairness Rate
Control

REFIACC REFIACC Reliable, efficient, fair and
interference-aware congestion
control

CCF CCF Congestion Control and Fairness

PCCP Priority-based Congestion Control
Protocol

ECODA Enhanced Congestion Detection and
Avoidance

RDANQCC Robust Decentralized Adaptive
Nonquadratic Congestion Control
Scheme

LCC LMI-based Congestion Control

CL-APCC Cross-layer Active Predictive
Congestion Control
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