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Abstract — Multipath routing gains clear network performance advantages for data streaming in networked systems  with high 
path diversity. The level of packet reordering, however, becomes higher: distant packets are reordered, the application 
performance is reduced due to head-of-line blocking at the destination, and a large resequencing buffer is needed for sorting 
incoming packets. In this paper, we study by simulation the stochastic compensation effect to reduce packet reordering. If a source 
randomizes packet scheduling into multiple paths of random transmission delays, then these two sides of randomness “quench” 
each other. We perform comparison experiments to test this hypothesis in various multipath configurations, focusing on 
deterministic vs. randomized strategies of packet scheduling. The experiments confirm the existence of the stochastic compensation 
effect and its considerable influence on the application performance. 

Keywords - data streaming; multipath routing; path diversity; packet reordering; performance evaluation; stochastic compensation; 
network path model 

 
 

I. INTRODUCTION 

Data streaming constitutes a large fraction of today’s 
Internet traffic. In particular, video streaming is responsible 
for 25..40% of all Internet traffic [1] and Internet video 
alone will account for 57% by 2014 [2]. The trend is 
accelerated with the rapid progress of the Internet of Things: 
and multitude of physical objects are becoming involved 
into various forms of data streaming. 

On the other hand, the path diversity property is 
common in communication networks. For the case of data 
streaming, the property defines a well-known research 
problem, which was extensively exploited for many 
networks since the 1970s. To the best of our knowledge 
multipath routing schemes were first proposed to disperse 
network traffic [3]. Recently, we can emphasize the 
following topical problem domains where the role of path 
diversity is essential or even growing. Many Internet hosts 
are multi-homed to more than one Internet provider. 
Datacenters and overlay networks provide multiple parallel 
paths between source and destination nodes. Mobile devices 
have wireless access to several networks simultaneously. 
Multipath information exchange also becomes crucial in 
emerging service-oriented systems for Smart Spaces and 
other ubiquitous computing environments based on 
technologies of Internet of Things (IoT). 

Multipath routing gains performance advantages for data 
streaming due to bandwidth aggregation, see [4], [5] for 
overview. For multi-homed hosts, the path diversity 
influences transport protocol engineering—one of the first 
proposals was in 1995 [6]. Since 2009 the activity has been 
carried on by the IETF working group on Multipath TCP.  

 
The same approach is applied in datacenters that create 

multiple paths in the network core [7]. In application-layer 
overlay networks, the path diversity enables construction of 
many paths to a destination [4], [8]. With heterogeneous 
wireless technologies, a mobile device often appears in 
overlapping network coverage areas as well as it can be 
equipped with multiple network interfaces [9], [10]. The 
Internet of Things introduces extremely many parallel 
participants into communication, including many long-lived 
data flows and many-to-many interactions [11], [12]. 

In multipath data streaming [8], [13]–[15], a source 
schedules packets to split the stream among the different 
paths, proportionally to their rates. The rates are estimated 
based on such observable path characteristics as delay or 
bottleneck bandwidth. Rate proportional scheduling is 
deterministic (e.g., Round–Robin) or randomized (e.g., 
Bernoulli scheme). Since network path characteristics are 
random there may be large number of out-of-order packets 
at the destination. The problem of packet reordering, its 
reasons, and experimental evidence are thoroughly 
discussed in [13]. Packet reordering courses degradation of 
the application performance (user-perceived performance), 
especially when distant packets are reordered. The 
destination has to keep a large resequencing buffer for 
sorting incoming packets and then releasing them in the 
proper order to the application. 

In stochastic systems, a randomized strategy instead of a 
deterministic one may lead to improvements. Variability of 
system state parameters are partially compensated by 
randomizing input parameters, which we call the stochastic 
compensation effect. For instance, it is exploited for TCP 
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traffic by randomizing the packet sending times at TCP 
sources [16] and for distributed system maintenance by 
random neighbor replacement [17]. Nevertheless, the role of 
this effect in performance-aware engineering of networking 
applications for settings of today’s and future Internet is still 
opened for investigation. We expect that solutions with 
stochastic compensation become of higher utilization due to 
the growing parallelization in recent communication 
systems, especially in such IoT-based environments as 
smart spaces [11]. 

This paper extends our work [18] where we initially 
tackled the problem of packet reordering. Our focus is on 
simulation study that compares deterministic vs. 
randomized strategies, represented with Round-Robin and 
Bernoulli scheduling, respectively. Our hypothesis is that 
the performance degradation at the destination can be 
reduced by randomizing the packet scheduling at the source. 
Using simulation experiments, we measure packet 
reordering for various multipath configurations: the number 
of paths is varied, they have different probability 
distributions of transmission delay. We evaluate the 
potential of stochastic compensation in multipath data 
streaming and identify settings when a randomized strategy 
can outperform a deterministic one. 

Our observation indicates that the stochastic 
compensation effect is important for the data stream 
performance. Consequently, packet scheduling algorithms 
can benefit by incorporating some degree of randomization. 
Our simulation model assumes that all paths are 
independent, order-preserving, and their transmission delays 
are the key characteristic. Even in these simplified settings 
our simulation study indicates existence of the stochastic 
compensation effect. We expect that in more advanced 
settings (e.g., differentiating path bandwidth, introducing 
feedback from the destination) the effect can also take a 
place and be used in for improving the data stream 
performance. 

The rest of the paper is organized as follows. Section II 
motivates our study considering open problems and related 
work in the research area. Section III states the packet 
reordering problem and our hypothesis on the stochastic 
compensation. Section IV describes our simulation model of 
packet reordering. Section V discusses the experiment 
results. Section VI summarizes the paper. 

II. MOTIVATION AND RELATED WORK 

Packet reordering is an extensively exploited problem in 
Internet research, see, e.g., [8], [13]–[15]. Similarly to [19], 
the terms “source” and “destination” are quite general. A 
source may mean a source host, which generates a data 
stream. It may also mean a source router, which a stream 
goes through. A destination may mean a destination host, 
which absorbs a stream. It may also mean a destination 
router, to which a stream arrives. In multipath data 
streaming, a source disperses packets to concurrent multiple 
paths to the same destination. The paths provide redundant 
transmission, i.e., any path can transfer any packet of the 
stream. The packets cross the network and the stream is 

merged at the destination. The transfer time is reduced, 
achieving better performance. 

This multipath property appears in the following 
important reference cases for modern communication 
networks. The first case is multi-homed hosts in the 
Internet. A host has several interfaces to networks of 
different providers. The number of paths is low; a typical 
situation is 2 or 3 paths. The second case is due to the 
deployment of wireless technologies. A mobile device can 
often be situated in an overlapping coverage area of multiple 
wireless networks. Furthermore, a device can be equipped 
with multiple network interfaces. In this case, the number of 
available paths can exceed 3, but still is bounded with 
moderate values. The third case happens naturally in overlay 
networks. An overlay node knows several alternative 
neighbors to any of which it can forward packets to reach 
the destination. Alternatively, a node (destination) 
downloads a file from different sources in parallel. In this 
case, the number of parallel paths can be high, up to tens 
and even hundreds. 

Many packets within a session of Transmission Control 
Protocol (TCP) can arrive out of the order at the destination 
[20]. Similar observation is for multipath traffic in wireless 
networks [21]. In load balancing of distributed systems [22], 
one of the well known techniques is splitting a single flow 
across multiple network paths selecting the lowest utilized 
path and implicitly mitigating the risk of packet reordering. 
For instance, [23] suggests using the earliest delivery path 
first routing policy given that the path characteristics, such 
as bandwidth and delay, are known precisely. Instead of 
operating on per-packet granularity, forwarding decisions 
can be made for large enough batches of subsequent packets 
scheduled to the same path [24]. The packet scheduling can 
be considered as an optimization problem [25] where the 
optimal forwarding policy takes into account the importance 
of each packet, in addition to the bandwidth and delay. 

Optimal path rate computation was considered in [26]. 
In [21], [27] source and destination side buffers are applied 
to equalize the delays on all the paths and to minimize the 
overall packet reordering. Deterministic proportional 
scheduling is assumed in many proposals: the best path is 
selected according to the current network state and some 
optimization criterion [15], [23], [25]. Nevertheless, [28] 
pointed that sending packets through one of the two best 
paths according to a certain probability is better strategy 
than sending through the best available path. 

None of the above works has addressed comparison of 
deterministic and randomized scheduling in multipath data 
streaming. There is still little evidence how effective the 
deterministic scheduling is in networks with high jitter. 

Paths are concurrent with own transfer characteristics. 
The stochastic nature and heterogeneity of Internet path 
delays [29], [30] form the key reason of packet reordering 
[31]. Packets arrive to the destination in a different order 
than they have originally in the stream. This is an inevitable 
consequence of multipath routing. Even careful packet 
scheduling to concurrent paths cannot guarantee the absence 
of reordering [20]. 
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Packet reordering leads to many performance problems 
[13], [20], [31]. This paper focuses on buffer demands at the 
destination [8], [13]. The destination has to store out-of-
order packets in a resequencing buffer until they can be 
delivered to the application. This causes extra application 
delays, even if the destination has a large buffer. Due to the 
stochastic path characteristics, the occupancy of the 
resequencing buffer is random. The reordering problem can 
be mitigated with an intelligent packet scheduler at the 
source [13], [14], [21], [26], reducing the probability and the 
distance of packet reordering. 

In the terms of control theory, packet scheduling defines 
input to the system to solve the performance control 
problem at the source. Path characteristics describe a system 
state; the source may only observe them. Performance is 
output; the source can obtain the desired effect by 
manipulation with scheduling. 

When the path have deterministic delays the control 
problem can be solved in advance to construct the 
deterministic scheduler. For instance, for two paths where 
path  twice outperforms path  the optimal scheduler 
forwards every 1st and 2nd packets to path  and every 3rd 
packet to path . In the general case, the billiard scheme can 
be applied [32]. 

Random path delays introduce variability. Some packets 
can spend essentially longer time in the path than on 
average, especially when the delay distribution has a long 
tail. Consequently, sometimes it is better to forward more 
packets to a path with lower mean delay. Possible 
optimization is to randomize the number of packets sent to a 
path on a given period while keeping the scheduler equal on 
average to its deterministic analogue. Such optimization 
allows a source to reduce packet reordering because of the 
stochastic compensation. Occasionally longer delays are 
compensated by forwarding more packets along currently 
more efficient paths. 

III. PACKET REORDERING PROBLEM AND STRATEGIES 

Let source  operate in discrete uniform time 
1, 2, … ,  and serving an -packet stream to destination . 
At time instance n the source forwards the next packet—an 
asynchronous departure process. Time instance  is used as 
the unique packet sequence number; the assumption is 

common for streaming [8], [13], [14]. Intuitively,  always 
has data to send and the forwarding cost is negligible for all 
paths. 

There are 1 paths for forwarding packets, as it is 
shown in Fig. 1). Each packet  is instantaneously 
dispatched to a path  using a scheduler at . Let 0	be 
the end-to-end delay of packet n in path . The destination  
reassembles the sequence of packets received via multiple 
network paths. The th position in the output sequence is 
occupied by the packet of input sequence number . 
Assuming no network loss, the output is a permutation of 
the input sequence. 

We assume no bandwidth bottlenecks: an arbitrary 
number of packets can be sent sequentially to path  without 
affecting the delay. The network has no loss: 1. The 

sequence  is i.i.d with generic element  and the 

mean delay E , 0 ∞. Denote 1/  the 
transmission rate. Then path  has normalized rate 


⋯

 1,… ,  

As in many multipath models (see, e.g., [14], [19], [21], 
[26], [33]), A does not know the full path states (e.g., the 
number of on-the-fly packets). Nevertheless,  can 
estimate . This case corresponds to parallel non-
observable queues in queuing systems [34]. 

All  paths are order-preserving, which is a common 
assumption [19], [33], [35]. A path preserves the order if for 
any two packets  and  having followed the same path 
the inequality  leads to . It corresponds to 
the first-come first-serve (FCFS) service discipline and a 
single infinite-room queue. Other studies [13], [20], [31] 
confirm that reordering happens primarily due to the high 
path diversity. 

Packet scheduler splits the input stream between  
paths proportionally to . We distinguish two variants of 
proportional schedulers: deterministic and randomized. As 
particular representatives we consider weighted Round-
Robin (WRR) scheduler and Bernoulli (BN) scheduler. 

 

 

 
Figure 1.  Positions 1  of the output sequence are occupied by packets  and . 
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WRR scheduler operates in loop 1, 2, . . . , , as the 

pseudocode in Algorithm 1 shows. Each iteration assigns a 
batch of subsequent packets to path . The number of 
packets in a batch for path  is fixed to , where  is a 
constant common for all paths. Lengthy packet batches, 
however, are constructed for fast paths when there are slow 
paths. It can occasionally amplify the packet reordering due 
to random path delays. For other deterministic schedulers let 
us mention the billiard scheme used in [32] to decrease the 
average waiting time.BN scheduler forwards any packet  
to path  with probability , as the pseudocode in 
Algorithm 2 shows. In contrast to WRR, forwarding 
decisions are independent. Packet batches of variable length 
appear. For other variants of randomized schedulers let us 
mention a BN-extension with an m-buffer at the source for 
the first 1 ≪  unprocessed packets. Every time a 
packet from the buffer is selected (some decision-making) 
and then the packet is forwarded to  with probability . 

Let 1  be packet positions in the output 
sequence. A reorder instance is a pair ,  such that 

. Set  if ,  is a reorder instance and 
0  otherwise. If 0  then packet  has arrived 

late (equivalently,  has arrived early). The value of  
characterizes the reorder distance. Now we can define the 
reorder distance probability 

 , 0  

In other words, an arbitrary output packet  is reordered on 
distance  with probability . Note that 

1

Reorder density is a probabilistic characterization of 
reordering [13], [36]. Let  be displacement of 
packet  from its original position. An early packet 
corresponds to a negative displacement and a late packet has 
a positive displacement. The displacement probability 
distribution is 

   

i.e.,  shows the frequency of packets of displacement . 
For each given , consider the last reordered packet . 

Then the maximum reorder distance is on average 

max
1

max 

It estimates the resequencing buffer size needed at the 
destination. We expect that max  and  provide simpler 
model of the buffer demands than buffer occupancy density 
[13], [36]. In particular, they can be used to characterize the 
user-perceived performance, since the larger buffer the 
application needs the higher the total delay. 

Reorder entropy [37] expresses the total disorder of a 
packet sequence, including the fraction of displaced packets 
and the degree to which the packets are displaced, 

ent ln 

The metric defines the randomness of the displacement 
and can be used as a summary metric of a displacement 
distribution tendency to be concentrated (low entropy) or 
dispersed (high entropy). When there is no reordering 
1, then the minimum ent 0 is achieved. The maximum 
ent ln	 2 1  is when packets are displaced uniformly. 

 

IV. SIMULATION MODEL 

We consider the following two path delay distributions. 
The first distribution is exponential, which is typical for 
modeling service time in queuing systems. The second 
distribution is power-law, which has the heavy-tail 
property—it appears in Internet traffic modeling. 

Exponential: The probability density function (PDF) for 
 is defined as 

exp	 	

It has the mean 1/  and the variance 1/ . 
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Power-law: The PDF for  is  

1
min min 

It has the minimal value min . If 2  the mean is 
infinite, otherwise min . If 3 the variance is 

infinite, otherwise min . The distribution is 

equivalent to Pareto distribution (by substitution prt
1 ) and is the continuous counterpart of the Zipf-like 
distribution. Further we shall use the Pareto distribution 
notation. 

The ranges and variations of delay distribution 
parameters depend on concrete experiments (see Tables I 
and II). The mean-value ratio constraint / 10  is 
preserved for any two paths 1 , , i.e., we do not 
consider degeneration with extreme path discrepancy. 

Our experiments consist of two groups. In Group I, the 
number of paths is varied as 2, 3, . . . , 15 . The case 
corresponds to a network node with several appropriate 
neighbors for streaming. In Group II, the number of paths is 
fixed to 2. It is common for a multi-homed host. 

 

TABLE I.  DELAY PARAMETERS IN EXPERIMENTS WITH  PATHS 

 

 

Group I: varied 2,3, . . . , 15 

The experiments are based on the three patterns: 
identical, similar, and slow&fast. Each pattern defines 
assignment of delay distribution parameters to  paths. 
Table I shows the parameters, including mean avg  and 
variance avg. When a pattern is selected, delay distributions 
are taken from the same class (exponential or power-low) 
for any path. 

Identical: Every path has the same delay probability 
distribution parameters: ∀ 	 . 

Similar: The delay probability distribution parameters 
are varied such that ∀ 	 . The small difference is due 
to selecting a distribution parameter (  or ) randomly from 
a short interval , . Let us write ~ ,  or ~ , . 

Slow & fast: Given  paths are classified into two 
types: slow and fast packet delivery. That is, if  is slow and 
 is fast then ≫ . Simulation parameter 0 1 

defines the share of slow paths by assigning any path  to be 
slow with the probability . 

TABLE II.  DELAY PARAMETERS IN EXPERIMENTS WITH 2 PATHS 

 

 

Group II: fixed 2 

The experiments assign one path to have exponential 
delay and the other path to have power-laws delay, see the 
parameters in Table II. For one path its delay distribution 
parameters are fixed and for the other path its parameters 
are varied reducing the mean delay. Consequently, there are 
two types of the experiments in this group, depending for 
which delay distribution the variation is performed. 

Our simulator is a custom application written in C++ 
(more than 1000 LOC). We favored the custom 
implementation over ns2 or omnetpp due to simplicity of the 
simulation task. Each path is represented with a FCFS 
queue. Whenever the scheduler forwards every current 
packet 1, 2, . . . ,  into a selected path , the packet is 
assigned with a random delay drawn from the delay 
probability distribution. 

Each sample  of output packet sequence is produced 
using Algorithm 3. The auxiliary parameter  is the arrival 
time of packet  (the time elapsed from the start of data 
streaming). Note that if packet  is sent down link  then  
does not depend on how packets ∗ 1, . . . , 1  are 
scheduled to other links. In particular, the simulation 
assumes that the cost of scheduling a packet is negligible 
compared with the end-to-end path delay. 

For any experiment, 100 samples are constructed to 
estimate the probabilities  and  as well as the average 
and mean-square deviation for metrics ent and max. 

 

 

V. ANALYSIS 

Our simulation experiments show that the deterministic 
behavior of a multipath packet scheduler can lead to higher 
reordering compared with randomized scheduling. The latter 
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achieves the stochastic compensation effect when the 
randomization smoothens the path delay variability. To 
present our experiment results the average values are plotted 
with their mean-square deviation bars in Figs. 2–6 further. 

A. Identical paths 

Since  for any path , WRR scheduler forwards 
exactly one packet to path , the next packet is forwarded to 
path 	 1 , and so on. There is no batch of subsequent 
packets on the same path. In contrast, BN scheduler 
occasionally assigns a batch from a packet , in accordance 
with the geometric distribution. That is,  successive packets 

 , 1, … , 1 

go to path  with the probability 1 . If path  is 
selected for forwarding (i.e., 0 ) then the conditional 
probability of a batch is 1 . 

Intuitively, packet batches stimulate reordering. If 
batch (4) goes to one path then packet  goes to another 
path and likely arrives before the preceding packet 
1 . The experiment result in Fig. 2 confirms the above 
reasoning on the WRR outperformance. This result agrees 
with the theoretical optimality of Round-Robin scheduling 
for identical parallel FCFS queues with infinite buffers [35]. 

The required buffer size (estimated with max) depends 
approximately linear on  (Fig. 2, left column), supporting 
the intuition that reordering is proportional to the number of 
paths. Comparing the exponential and power-law 
distributions, the heavy-tail property of the latter leads to 
more variable maximum reordering. 

 

 

Figure 2.  Identical paths in streaming 10  packets. 

The entropy (Fig. 2, right column) shows that the 
displacement randomness slowly grows with M (the entropy 

maximum is about 9.9 for N 10 ). The difference between 
WRR and BN is preserved approximately constant 
independently on M. 

B. Similar paths 

Since  for paths , WRR scheduler assigns 
packet batches of fixed length for each path. Our 
experiments show that the BN randomization of batch length 
provides stochastic compensation (Fig. 3). It confirms that 
sometimes preferable to assign shorter or longer packet 
batches, than to forward constant-sized batches. 

For similar paths BN scheduling leads to reordering 
almost the same as for identical paths. In contrast, the result 
of WRR scheduler is drastically changed. BN scheduling is 
advantageous, especially for heavy-tailed delays. The WRR 
performance variability is high even for exponential delays. 
The difference in entropy is decreasing for larger M. 

 

 

Figure 3.  Similar paths for 10  packets. 

C. Slow & fast paths 

We set 75%  and 25% . If  is a slow 
path and  is a fast path then ≪ , see the delay 
parameters in Table I. In each experiment, both slow and fast 
paths have either exponential delay or power-law delay. 

The result is shown in Fig. 4 for 75% and in 
Fig. 5 for 25%.. For all , BN outperforms WRR 
and has lower variability. The BN outperformance degrades 
with increasing . When  is large the buffer sizes, 
estimated with max, become close for WRR and BN. 

D. Fixed two paths 

Two paths are qualitatively different: one has exponential 
delay and the other is power-law. Experiment results in 
Fig. 6 confirm that BN outperforms WRR scheduler in this 
configuration when the delay of one path is varied. 
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Figure 4.  Slow&fast paths for 10  packets and slow 75%. 

 

 

Figure 5.  Slow&fast paths for 10  packets and slow 25%. 

When the exponential delay is varied the bending point 
(for WRR) occurs as the ratio of the mean delays for both 
paths approaches 1, i.e., WRR scheduler starts to resemble 
pure round-robin. When the power-law delay is varied then 
BN scheduler shows clear advantages. 

In this variation, we also observe similarity with the 
slow&fast experiments. A fast path often is being assigned 
with larger packet batches than a slow path. 

 

Figure 6.  One path is fixed and the other is varied. 

VI. CONCLUSION 

This paper studied the packet reordering problem in 
multipath data streaming. Two strategies a source can apply 
to send data packets in proportion to the path transmission 
delay: deterministic and randomized. Our hypothesis is that 
randomness of transmission delay can be compensated with 
randomizing the packet scheduling on the source. We 
compared weighted round-robin scheduler (deterministic) 
and Bernoulli scheduler (randomized) using simulation 
experiments. The results confirm that the randomization 
reduces packet reordering, and the stochastic compensation 
effect has a place for certain multipath configurations. We 
expect that utilization of this effect in networking 
applications can essentially improve the application. 
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