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Optimizing Multipath QUIC Transmission over Heterogeneous Paths
Hongxin Zeng, Lin Cui, Fung Po Tso, Zhen Zhang

We investigate the issue of performance degradation over
heterogeneous paths for the LRF scheduler of MPQUIC.

We formulate the problem model that assigns data parti-
tions to heterogeneous paths and design an ETC sched-
uler for MPQUIC.

We have implemented ETC based on quic-go and our ex-
tensive experiments show that ETC can shorten the file
completion time by up to about 29.6% as compared to
existing MPQUIC implementation.
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Abstract

As a novel UDP-based transport protocol which supports stream multiplexing, QUIC is faster, more lightweight and exible than
TCP. With the prevalence of multi-homed devices such as smartphones with both WiFi &@ délular connectivity, Multi-

path QUIC (MPQUIC) can eectively utilize multiple network interfaces (i.e., multiple paths) to improve transmissiameacy.
Current MPQUIC implementation adopts the Lowest-RTT-First (LRF) scheduler which always selects the path with the lowes
smoothed RTT among all available paths. However, we show that in networks with heterogeneous paths where network charact
istics (e.g., RTT, loss rate) dér considerably, such scheduling scheme leads to unnecessary waiting on fast pathseaoiddoy
degrading overall transmission performance signi cantly. To use heterogeneous patiesityy (i.e., to reduce the overall le
transfer completion time), this paper proposes a novel scheduling mechanism that assigns data to paths with transfer simulat
without causing much additional overhead. Extensive experiment results in Mininet demonstrate that the proposed schedulil
mechanism can reduce the transfer completion time by up to 29.6% as compared to existing MPQUIC implementation.
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1. Introduction Thanks to the rapidly increasing number of mobile subscribers [8],
) ) ) heterogeneous paths will be more prevalent in the future, mak-
QUIC is an emerging multiplexed transport protocol thating it very important and inevitable for multipath transport pro-
runs on top of UDP, carrying more and more Internet ta@ue  {gcols.
to its improvements on both security and@ency [1]. In the Current MPQUIC implementation uses the Lowest-RTT-First
meantime, more and more communication devices are equippgfRF) scheduler [3], which treats paths whose congestion win-
with multiple network interfaces, e.g., smartphones with bothygws (CWNDs) are full as unavailable, precluding them from
WiFi and 4G5G [2] interfaces. To exploit resources over mul- heing scheduled for transmission. When making decisions, LRF
tiple network interfaces, Multipath QUIC (MPQUIC) [3], as & prioritizes the available path with the lowest smoothed RTT
multipath extension to QUIC, is proposed to enable concurrenfy; gata transmission. However, always selecting the available
multipath transfer over multiple network paths. With the exi- path with the lowest RTT may lead to performance degradation
bility inherited from QUIC, it is expected to have great poten-\nen faced with heterogeneous paths.
tial to be widely deployed. For example, Alibaba has launched This is because LRF only considers the RTT of available
a large-scale /B test of MPQUIC video transport in their pro- paths when making decisions and ignores the possibility that
duction environments [4], demonstrating the feasibility and dethe overall transmission time can be shortened by waiting for
ployability of MPQUIC. Besides, because HT/BRuises QUIC  the busy but fast paths to become available again. If a faster
as its underlying transport protocol [5], MPQUICers a great  path, which is about to complete its data transmission, is deemed
potential for the future web. unavailable and excluded by LRF, a slower path will be selected
However, when the characteristics (e.g., loss rate or latenCyyr data transmission. Such a scheduling decision based on
of underlying paths dier, a multi-homed device encounters ransient path availability over heterogeneous paths will signif-
heterogeneous paths. One typical example is a smartphone wighntly degrade the transfer performance of MPQUIC. In addi-
both WiFi and cellular networks (See Figure 1 for example).ion, only favoring paths with lower RTTs increases the chances
Since WiFi and cellular networks are designed foretent sce-  f by erbloat in the long run. Moreover, passively responding
narios in the rst place, their network characteristics can be sigy packet loss (i.e., congestion window change due to packet
ni cantly di erent. For example, previous studies show thajoss) also contributes to LRF's performance degradation under
90th percentile of LTE's latency is around®8[6], while the  peterogeneous paths. More detailed analysis and a motivating
90th percentile of WiFi's latency is generally around€]7]. example on these issues are provided in Section 2.2.
In this paper, we proposEstimated Transfer Completion
time (ETC) scheduler — a novel scheduling scheme which op-
(Lin Cui) timizes the overall le transfer completion time over hetero-
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geneous paths. As inspired by Shortest Transfer Time Fir®2.1.2. Basic Designs of MPQUIC
(STTF) [9], the main idea of ETC is to assign an appropriate  The main design of MPQUIC is as follows:
amount of data to paths according to the data assignment calcu- Path Identi cation. Besides the four-tuple (i.e., source IP,
lated in the simulated transfer. ETC iterates through time pointsource port, destination IP and destination port), MPQUIC de-
at which ACK packets are received on each path to simulate th@es a PathID eld in the header, identifying the path on which
transfer. Each time point indicates that data of a CWND's sizehe packet was sent.
has been successfully delivered in the last RTT on a specic  Reliable Transmission.STREAM frame in QUIC contains
path. And the path's CWND size should be updated at eachn identi cation eld and its o set, so the receiver can reorder
time point. The iteration ends until the amount of delivered dataeceived data based on StreamID anget information easily.
in simulation is no smaller than a given amount. The amounEach path has its own packet number space for ACK frames.
of delivered data over each path in simulation can serve as the Path Management. Like QUIC, MPQUIC establishes a
assignment that assigns data to paths in real transmission latebnnection with a secure handshake over the initial path.
More details of ETC are described in Section 3.3. Packet Scheduling Current MPQUIC implementation adopts
In summary, the contributions of this paper are as follows: the LRF scheduler which is the default scheduler of MPTCP in
. etae Linux implementation [3]. A major dierence is that, upon
e completion of a connection establishment, the MPQUIC's
heterogeneous paths for the LRF scheduler of IVIPQUICLRF scheduler will duplicate packets and send them on all avail-

~ We formulate the prob|em model that assigns data partiable pathS instead of Waltlng until RTTs of all pathS are prObed.
tions to heterogeneous paths and design an ETC sched-
uler for MPQUIC. 2.2. MPQUIC over Heterogeneous Paths

] . The main goal of LRF scheduler is to prioritize the path with
We have implemented ETC basedquic-goand our €x- e |gwest smoothed RTT to increase the throughput. Among
tensive experiments show that ETC can shorten the e, haths that meet the congestion window requirement, LRF
completion time by up to about 29.6% as compared tcheduler will always select the lowest-RTT path for data trans-
existing MPQUIC implementation. mission during each scheduling process. Since current MPQUIC

The remainder of this paper is organized as follows. Sectio'jmplementation's sch_edulgr only considers the available path
2 gives some necessary background on MPQUIC and a motivaith the Iowest_RTT,. ignoring other faster paths that. are about
ing example which shows the need for an improved scheduliné0 become availablét is likely to leave fgster .paths. idle a}nd
mechanism for MPQUIC for heterogeneous paths. Section Bcrease the oyerall le transfer completion timd& his deC|-' '
elaborates the formulation of the scheduling problem and th&N of scheduling data based on ephemeral network conditions

design of the scheduling algorithm. Section 4 presents the iman degrade transmission performance over heterogeneous net-

plementation of ETC Section 5 describes our experiment envi0rks. To demonstrate this issue clearly, a simple example is

ronments and discusses the results. Related works are given@yen as follows.
Section 6. Finally, Section 7 concludes the paper.

2. Background and Motivation

This section describes the basics of MPQUIC and analyses
on heterogeneous paths.

2.1. MPQUIC

2.1.1. Overview

QUIC is a UDP-based transport protocol initially developed
by Google. Itis a multiplexed and secure general-purpose trans-
port protocol that provides stream multiplexing, low-latency
connection establishment and secured header and payload [10]. Ag shown in Figure 1, it is common for today's mobile de-

De Coninck et al. st presented the design and imple-yjces 1o have multiple network interfaces, such as cellular net-
mentation of Multipath QUIC (MPQUIC) [3, 11], which is an ok and WiFi. When MPQUIC utilizes both of them for data
extension of QUIC. Similar to Multipath TCP (MPTCP) [12], {ransmission, it is faced with heterogeneous paths since WiFi
MPQUIC aggregates resources on multiple network interfacesyng cellular connections have dirent latency and bandwidth.

But as an extension to QUIC, MPQUIC is less sensitive to midyygyever, the LRF scheduler of MPQUIC cannot fully utilize
dlebox tampering compared to MPTCP, which leads to fewefne pandwidth of paths due to such heterogeneity.

compromises and simpler design. Therefore, MPQUIC is more Suppose there are two paths with the CWND sizeAof
likely to be widely deployed than MPTCP by nature. Two data blocks, say data block 1 and data block 2, whose size

Figure 1: A common example of heterogeneous paths



are bothW, arrive at the transmission bar sequentially. Fig- Packet Schedulerdecides how to schedule data in laun over
ure 2 depicts the detailed scheduling process of MPQUIC witlunderlying paths.
LRF and an improved solution: Thus, to cope with the performance degradation problem
MPQUIC with LRF: Path2 will be selected to transfer data that happens over heterogeneous paths, a pRgEet Sched-
block 1 rst (since it has lower RTT) and become unavailableuler should consider path and congestion information.
due to its full congestion window. Then the scheduler will se-
lect pathl to transfer data block 2 as it is the available path with
the lowest RTT at this point of time. As a result, the completion
time will be around 5fhs(half of pathl's RTT).
An improved solution: If both blocks are transmitted over
path2, the completion time will only be aboutr§(one and a
half of path2's RTT).

Figure 3: Overview of the MPQUIC architecture

Many schedulers have been proposed for multipath TCP
and can be exploited by MPQUIC, as shown in Table 1. The
scheduler of current MPQUIC, i.e., LRF, cannot handle hetero-
geneous paths well. Although other schedulers designed for

In addition, LRF is not responsive enough for packet loss otMPTCP (e.g., DAPS [14], OTIAS [15] and ECF [16]) consid-
path. It only indirectly reacts to packet loss via the change ofrs heterogeneous paths, they ignore congestion state informa-
congestion window after loss. Assume that the loss rate of th#on. Another state-of-art scheduler, BLEST [17], works well
lowest RTT path is high. Even though the CWND of the lowestin preventing faster path from being idle to boost the perfor-
RTT path is limited and selecting paths with high latency canmance over heterogeneous paths. It rst selects a path using
lead to lower completion time, the LRF scheduler still favors itLRF. If the selected path is not the fastest path, it then evalu-
as a prior path to be selected. ates whether transferring current segment on the selected path

Therefore, MPQUIC needs a new scheduler that can fully¢an be nish before the fastest path becomes available again. If

utilize heterogeneous pa’[hs with érent RTTs and Congestion SO, this path will be selected for transfer eventually. OtherWise,
states to solve the above prob|ems_ it waits for the fastest path to become available again. As for

STTF [9], it selects the best path ts for each segment. But in
MPQUIC, the segment size is fairly small and cannot trigger
the congestion state change of paths. More detailed description

To optimize transmission performance of MQUIC over het-2Nd analysis on STTF are provided in Section 6.
erogeneous paths, the scheduling problem is rst formulated ) )
and analyzed. Then, an eient scheduling algorithm ETC is 3-2- Modeling the Scheduling Problem

Figure 2: Transfer completion time is signi cantly prolonged under LRF

3. ETC Design and Analysis

proposed to reduce the overall le transfer completion time. In this section, we provide a formal model for the problem
of Packet Schedulerover heterogeneous paths.
3.1. Overview of MPQUIC Architecture Most schedulers select a path based on current network met-

As an extension of QUIC, MPQUIC resides at transport'ics whenever there are data to be sent inéu That is to
layer and works in user space. As depicted in Figure 3, fundasay their decisions are made upon transient parameters for usu-
mental components of MPQUIC includ€supled Congestion ally a small amount of data. This strategy results in the perfor-
Control, Path Manager andPacket Scheduler mance deterioration facing heterogeneity more or less without

Coupled Congestion Controlis responsible for adjusting @ global overview. To use heterogeneous pathsiently, an
congestion windows of all paths based on session level informddeal scheduler should assign a proper amount of data to each
tion. It takes congestion windows of all paths into consideratiorfvailable path to make sure thbe longest transfer time among
and uses this information for congestion control of each path@ll selected paths is minimizedio this end, it can instruct data
In current MPQUIC implementation, the coupled congestionscheduling over paths with previously computed data assign-
control is packaged as Opportunistic Linked Increases AlgomMent to reduce the transfer completion time.
rithm (OLIA) Manager that implements the OLIA congestion ~ Assuming the amount of data to be senbignd there are
control algorithm [13].Path Manager s designed for path es- N active paths in the path sBt= fP;; P;:::;P,g Among all
tablishment, path migration, path information maintenance, etcctive paths, there are m(m  n) of them that are not suitable
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Table 1: Overview Of Several Schedulers

Heterogeneit Congestion
Scheduler | Input Metric Approach Complexity Srogeneily | siate Consider-
Optimization ation
Select available path with
LRF RTT the lowest RTT Low
Schedules packets based pn
DAPS [14] | CWND their sequence numbers forLow X
in-order receiving
Estimates transfer time over
OTIAS [15] | CWND, RTT all available paths and selectLow X
one of the earliest path
CWND, RTT and| Identi eswhetheraschedul:
ECF [16] bu ered data to be ing decision will make faster Low X
sent path idle
Estimates whether a
.| scheduling decision will
BLEST [17] C.:WND' RTT and in- cause HolL-blocking and dy} Low X
ight bytes . :
namically adapts scheduling
to avoid blocking
Calculate the expected
.| transfer time of a segment
STTF [9] (.:WND’ RTT and in- considering the path char- High X X
ight bytes o .
acteristics of all available
paths
.| Assign data over paths based
ETC C.:WND’ RTT and in on estimated transfer com-Low X X
ight bytes o
pletion time

to be selected for transmission, e.g., paths with signi cantlynot practical to obtain the total amount of data to be transferred
high latency or loss ratéd needs to be divided intm partitions  because data is transferred in a streaming way and can be read
into bu er in multiple times. Thus, it is infeasible to solve this
The scheduler should assi@gnhto m paths. For an assign- problem in network stack.
ment A, let A(Di) = Py, if D; is assigned to pati;. For
eachD; 2 D, it must be assigned to exactly one pathAn
i.e., JA(Dy)j=1. If P; = A(D;), the transfer completion tim‘éiJ

3.3. ETC Scheduler

I.€., _ . 1€ ! The design of the ETC scheduler incorporates the idea of
indicates the time that thith data partitionD; required to be  myti-stated congestion control from the STTF scheduler. The
transferred on thgth pathP;. main idea of ETC is to assign dérent amounts of data to dif-
Then, the objective of the scheduling problem is to nd anferent paths using transfer simulation on each path.
appropriate partitiorD and the corresponding assignmeit Before calculating the data assignment, all parameters of
which minimize the maximum transfer completion time of all ¢ CCA, for example, the size of congestion windows, should

partitions: be preserved. The calculation involves congestion control re-
. i lated information and the RTT of each path. If these informa-

min r%axTi tion for a certain path is not yet probed or unavailable, the path

st 3AD)j = 1;8D; 2D (1)  is skipped. Notably, ETC also uses the duplicating mechanism

upon connection initialization in MPQUIC.

Each time point at which ACK packets are received on each

The rst constraint indicates that each partition is assignedpath indicates that a CWND size of data has been successfully
to exactly one path, and the second constraint ensures that thglivered during the last RTT. Then, the CWND size should be
assigned path is an active path. updated according to the adopted CCA. When updating CWND

The optimal solutionisto nd a way of partitionin based  sjzes, the congestion state (whether the path is in slow start
on some path information (e.g., RTT, CWND and congestioror congestion avoidance) of the congestion control algorithm
state) that the large3}' can be minimized (as denoted in Equa- (CCA) for underlying paths is also taken into consideration to
tion(1)). This problem is a variation of the parallel task schedulgchieve more accurate estimation of completion time. With
ing problem, which is an NP-hard problem [18]. Besides, it isthese time points, ETC can simulate the data transfer process.

PP, = A(D)* P; 2 P;8D; 2D

4



Algorithm 1 ETC Scheduling Algorithm
Input: Set of all pathd?; Basic scheduling uni; Set of sizes
all paths' congestion windowg/;

Table 2: Notations and Symbols
Symbol Meaning

D Data to be sent
D, Divide data tam partitions, theth partition Outpgt: Table_z M that maps a path to the amount of data as-
D The set of partitions signedtoit
P Set of all available paths 1 for i =0;i <nji++do
P, The jth path inP 2:  Preserve congestion control parameters of each path
An assignment that maps data partitions to 3. end for
corresponding paths 4 tor 1
j The time thaD; need to be transferred on 5: whileS>0do
K PO i<m0 j<n) 6 fori=Oi<mitrdo
W The congestion window of pafPs 7: if Pjis pot probedr P; is the initial paththen
The factor de ned in OLIA that guarantees & Continue
! responsiveness and non appiness 9 _end if
tess Time for pathP; to exit slow start 10: if tj + GetS moothedRT(P;) < ter then
W The congestion window of patR; when 11 Ps P
begini ETC begins transfer time estimation 12: tour i + GetSmoothedRT(P)
SSTresh  The slow start threshold 13 end if
Winit The initial window 14: end for )
15 Mg Mg + Ws [* Ws and Mg are the CWND size

of pathPg and the amount of data should be assigned to

ETC iterates through those time points chronologically. It col- pathPs respectively

lects the CWND size at each time point and updates the CWNB6: S S Ws

size in a per-path manner. With all collected CWND sizes be-17:  Pathsmakes change to its CWND accordingly

fore update for one path, ETC can simulate data transfer od8: ts ts+ GetSmoothedRT(Ps)

this path and calculate the amount of data sent in simulationl9: end while

Once the total amount of data sent on all paths in simulatior?0: for i = 0;i < n;i++ do

equals the amount of data to be sent, the iteration as well adl: ~ Restore congestion control parameters of each path
the simulation end. After the simulation, the amount of data22: end for

sent over paths during simulation serves as the assignment #$: Assign data to paths accordingltb

instruct paths in the actual transfer process.

As mentioned in Section 3.2, the streaming way of trans- .
ferring data makes it infeasible to get the total size of all datg"® tWo heterogeneous paths with smoothed RTT afslind
to be sent, so a basic scheduling Uits introduced. It is a 35msrespectively. The triangle denotes ACK packets received

prede ned amount of data used in each calculation as the suff? Path 1 and the square denotes ACK packets received on Path

of data. The scheduler will remove previous assignment and- The algorithm presumes data transmission starts on both
reschedule unsent data when the amount of data sent since &S from the beginning. _

last computation reaches the basic scheduling unit or a signal of PUring the rst 30ms becausé, + sRTT is always greater
network congestion is detected. With this rescheduling mechnants + S_RT-E’ the amount of data that should be 953|gn(_ad
anism, the scheduler proactively responds to path dynamics 48 Path 1 increases by the CWND of Path 1 at each time point.
that the interference from path status change caused by exterdfdt€r that,t+ SRTh < t1+sRTT, (i.e., 35ms<40mg, so Path 2
events can be mitigated. is selected. The amount of data that should be assigned to Path

Detailed operations of the ETC scheduler are described if 'ncreases to the CWND of Path 2. The CWND of Path 2 is
Algorithm 1. t; marks the time point at which data are ACKed later changed according to the CCA. The calculation continues
on pathP; in simulation. te,, marks the current time point. in the previously described manner until an@when the basic

TheGetS moothedRT(P,) function gets the smoothed RTT for schedu_ling unit_ is reache_d. Then, data can be assigned to paths
pathP; from MPQUIC's Path Manager. Line 5 initializeg, to ~ ccording to this simulation process.
in nity. Line 8 10 will bypass both initial path and paths that . :
. S . 3.4. Discussions
are not yet probed. Line 1114 selects the path which is going i
3.4.1. How does ETC Handle Path Dynamics?

to get ACKed at the closet next time point in simulation and up- o )
dateste.r. Line 16 17 increases the amount of data that should  ETC uses the smoothed RTT of each path, which is main-
be sent orPs by the CWND ofPs. After that, the CWND of tained by the Path Manager of MPQUIC. Smoothed RTT is cal-

P, is changed accordingly with its CCA in Line 18. Line 19 culated with Exponentially Weighted Moving Average (EWMA).
updates the time point fdPs. It therefore re ects an estimation of the path's end to end delay,

Figure 4 illustrates an example of the transfer simulationVhich mitigates the impact of jitters.

process without interruption of external events. Assume there Besides, the basic scheduling unit concept adopted in ETC
also helps the scheduler adapt to path dynamics. After the
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Similar to [13], we have the dierential equation

dx _ ¢t i

dt  ( popx)?  rit?

3)

wherex; andx; is the sending rate on path and pathP; re-
spectively. Equation(3) is derived with a uid approximation of
OLIA in which the stochastic variations of rates by their expec-
tation are replaced. Thus, the amount of data sent duringttime
with OLIA is

Figure 4: An example of the simulation process (t;i) = %- it2: (4)

amount of data sent since the last computation reaches the size When transfer time estimation begins, assume the CWND
of a basic scheduling unit, ETC will calculate a new assign-for pathP; obtained by ETC from OLIA sender Mhegini and
ment using newly collected path information. That is to saythe slow start threshold iS S Tresh For simplicity, we only
ETC updates the parameters used in transfer simulation for eaclonsider conventional slow start here. P&hwill exit slow
basic scheduling unit. Hence, the size of a basic schedulingtart at
unit can be determined according to actual path dynamics. The
rescheduling mechanism is another important way of dealing

with path dynamics in ETC. The signal for the adopted CCA toassuming the initial window i&\i,;;, the amount of data trans-

detect congestion also works as the signal for rescheduling. frred during slow start on paf can be estimated by
can be packet loss for loss-based CCA like RENO, CUBIC and

OLIA. . 2tessi+1 2Wbegir1i .
tessi +1 (|092 Wbegini |ng VVinit + 1)\Ninit.

_ SSTresh
tessi = l0g, Woogm (5)

(6)
3.4.2. Complexity Analysis for ETC Algorithm

The assignment of a basic scheduling unit is a sub-probleml he estimation stops when estimated amount of transferred
whose optimal solution is contained in the optimal solution todata over all paths equals to basic scheduling &ite.,

the entire problem, i.e., the problem exhibits optimal substruc- X 4
ture. ETC ta_\kes congt_astion state change du_ring the transfer_ring S= (E i Zeg)+ i) 7)
of each basic scheduling unit into consideration, approximating Pi2P

the local optimal solution for each basic scheduling unit. . . . o
Besides, the Algorithm 1 contains a nested loop which aCHenc_e, the transfer timeo send a basic scheduling uBiwith

counts for its time complexity. The inner loop repeatshe ETCis p > ,

number of paths, times. The number of times the outer loop (= 25+ pop( rfosg 2i),

repeats is determined by the growth of paths' congestion win- ' p2p i '

dows. As congestion windows are always above zero, the algo-

rithm is bound to converge. Assume the outer loop repkats

times, the time complexity of this algorithm &(Kn).

(8)

4. Implementation

3.4.3. Analysis for Transfer Time With ETC We have implemented the ETC scheduler for MPQUIC [19]
In the following, we will use a uid model approximationto pased omuic-ga The calculation of CWND change is related
analyze the transfer time of ETC for sending a basic scheduling, the cca adopted by a speci c MPQUIC implementation.
unitS. ETC involves simulating CWND changes on underlying aong path information like RTT is maintained by MPQUIC's
paths, which is determined by CCA. Suppose the OLIA algo-path Manager, which can be easily obtained. Hence, it is easy
rithm is used (ETC can also work with other CCAs in practice).iq implement ETC in MPQUIC with minor modi cations to
For simplicity, we also assume that there is no congestion dg=ca. We modi ed functions ofgetCongestionWinddjvand
tected, thus the rescheduling mechanism will not be triggeredmaybelnceraseer(l):in the implementation aflia_sendeigo
Under OLIA, for each ACK received on the pafh, its  tg obtain the CWND size and trigger changes to the CWND of
CWND W will be increased by each path. The smoothed RTTs of paths can be easily obtained
through thepathrttS tatsS moothedRT () function of pathigo,
5+ o (2)  which contains the de nition of the data structure of paths. The
( pp Wit W scheduling algorithm is implemented with a data partition cal-
culator, a weighted round-robin scheduler. After the data par-

wherertt; is the round trip time of patl;, P is the set of all i s calculated, the round-robin scheduler utilizes it as the
available paths and is a factor that guarantees responsivenesyeight for each path accordingly to assign data over paths.
and non appiness.

V\/i:rttiz i



5. Evaluation .
Table 3: Ranges of experimental parameters

This section provides the performance evaluation of the sched-

uler. The LRF scheduler is used as the baseline in the evalua= Low High
tion. RTT (ms) (1, 50) (100, 200)
Loss Rate (%) (0,0.2) (0.1, 0.5)
Bandwidth (Mbps) (90,100)

common such as mobile phone with both cellular and WiFi con-
nectivity, PC with both xed broadband and WiFi connectivity.
As our evaluation mainly focuses on RTT and loss rate, these
two attributes lead to four (2 2) path types. Considering these
four path types, there are six (i.é:ﬁ = 6) combinations of het-
erogeneous path groups (each path group consists of two het-
erogeneous paths with at least oneatient link characteristic)

in total. Under each scenario, experiments are performed over
all six possible types of heterogeneous path groups.

For example, one of the path groups consists of a high la-
tency & high loss path and a low latency & high loss path. This
path group is denoted byrdn_hl label. The underline between
each two characters separatesedent paths in a path group.
5.1. Experiment Setup The rst character for each path describes its latency and the lat-

o _ o ter one stands for its loss rate.llAlh path group can represent

All experiments are performed in Mininet 2.2.2 on Ubuntu myti-homed devices with both wired and wireless connections,
14.04 LTS with Linux kernel 4.1.39. The host machine hasgince wireless connections are more likely to be disrupted.
Intel(R) Core(TM) i7-8700 3.20GHz CPU and 16GB RAM.  The short le download scenario involves downloading 5MB
Mininet runs on six cores with 4GB of RAM. Figure 5 illus- of gata overh2quicwith TLS enabled. And for the large le
trates the network topology adopted in the experiments. download scenario, the amount of data is 100MB. The evalu-

The evaluation focuses on RTT and loss rate since they havgjon measures and analyzes the le transfer completion time
profound impacts on network performance. To simulate heteroynder two scenarios using LRF, BLEST and ETC.
geneous paths, we categorize paths into paths witilbighe- Besides, as the initial path for connection establishment may
tency, and paths with higlow loss rate. The thresholds of both impact the performance of MPQUIC especially under the short
latency and loss rate are de ned according to Microsoft's doc-|e download scenario, we also compare performance when
umentation on media quality and network connectivity in itSconnection is established over each path in a path group respec-
business communication platform [20] as MPQUIC has greafyely. The rst and second path in each heterogeneous path
potential for real time media. For any path whose RTT is greate{g]roup are referred to as Path #1 and Path #2 respectively. For
than 100ns it is deemed as a high latency path. To better Ob'example, fohh_hl path group, Path #1 (i.e., the path with high
serve the impact of path heterogeneity, the low latency pathgatency, high loss) is rst used as the initial path to establish the
RTT is set to below Sm_sm the evaluation. As_of Ioss_rate, any connection. Then, Path #2 (i.e., the path with high latency and
path whose loss rate is greater than 0.1% is considered to &y |oss) is used as the initial path for connection establishment.
a high loss rate path. According to Ookla's Speedtest Global  performance of three schedulers over more than 2 heteroge-
Index [21], the global mean download speeds for mobile angheous paths are also investigated under large le download sce-
xed broadband are 73.38bpsand 127.9Mbpsrespectively  nario. The bandwidth of paths ranges from 90Mbps to 100Mbps
(obtained in April 2022). Therefore, the bandwidth of paths isynd the loss rates of them are all set to lewQ(1%). The la-
set to range from 9@bpsto 100Mbpsto be in line with most of  tency of paths is randomly and uniformly generated from high
today's network connections. All network parameters (i.e., |a'|atency (100 2003 or low latency (1 50mg. To ensure het-
tency, loss rate and bandwidth) are all generated using the WSaEFogeneity among paths, there are at least one low latency path

algorithm [22] over ranges listed in Table 3. The experimentyg one high latency path in each path group.
measures the time duration of retrieving a le from a Web server

over multiple paths with randomly generated latency, loss ratg 2 Results and Analysis
and bandwidth. The http server and http client used in the &% 51 Large File Download

eriment are frongquic-gowithout modi cations. The size of -
b quicg As shown in Figure 6, ETC stands out over all groups of

basic scheduling unit is set td/#B in our evaluation. het ths. LRF oft ‘ the | tail d
Both short le download scenario and large le download eterogeneous patns. often 85 from e fong tall due
tRits transient metrics based decision making.

scenario are evaluated over two heterogeneous paths, which

Figure 5: Experiment network topology



low latency path as the prior path. If the prioritized path is high
in loss rate, the retransmission constantly happens, resulting in
performance degradation. BLEST does not have any mecha-
nism to deal with packet loss, so its performance is close to
LRF but without the long tail. ETC has higher responsive-
ness for packet loss as it works with OLIA in this simulation.
The rescheduling mechanism of ETC ensures that the CWND
change triggered by packet loss directly and timely impacts the

(a) Get 100MB ovehhlh andhl.hh (b) Di erent initial path fromhhun At partition and the amount of data assigned to the path on

path groups andhl_hh path groups which packet loss has happened is lowered. Hence, ETC shows
the best performance.

Figure 6¢c and Figure 6d illustrate the performance twelt
andhl_Ih path groups. Over the path group with a high latency,
high loss path and a low latency, low loss path, the performance
of all schedulers is close to each other. It works ne to pri-
oritize a low latency path with fast growing CWND, so LRF
shows satisfactory performance under this circumstance. Under
the scenario withhl_Ih path groups, the path with high latency
is low in terms of loss rate while the loss rate of the path with

(c) Get 100MB overhhll and hi_lh (d) Di erentinitial path fromhhIl and low latency is high. In this case, LRF's strategy of blindly pri-

path groups hl-Ih path groups oritizing the path with lower latency whose CWND keeps at a
relatively small size incurs frequent retransmission. Also, the
higher latency path is frequently selected due to the full win-
dow of faster path, which eventually leads to this severe long
tail. On the other hand, BLEST can decide whether to wait for
the faster path to be available again,so it successfully avoids the
long tail. ETC schedules data on the high latency path and tries
not to prolong the overall transfer time, i.e., the low latency
path not waiting for the high latency path to nish transferring.

(e) Get 100MB transfer oveh_ll and(f) Di erent initial path fronih_l and ~ Thus, ETC is about 26.9% faster than LRF in this experiment.

hLIl path groups hLIl path groups Figure 6e and Figure 6f depict two dirent path groups

. _ . - . that both contains a low latency and low loss rate path. When

Figure 6: G'et 100MB using h2quic with TLS over six types of heterogeneousboth paths are low in latency. Their heterogeneity comes from

paths. ETC's performance is better than LRF and BLEST. :
their di erence in loss rate. LRF still prioritizes a relatively

Figure 6a and Figure 6b demonstrate the performance c;f)wlatency path and fails to deal with packet loss responsively.

LRF, BLEST and ETC over thieh_lh andhl_hh path groups. In 'I;]he same is fa(ljso true for %LES:;' As fr?r E;C Ie\{enl thhquEh
the hh_lh scenario, the high loss rate prevents the size of botf’€ amount of data assigned to the path with relatively higher

paths' congestion windows from growing. When selecting aRTT and low loss rate may be quite small at rst, it can be

path, LRF tends to select the path with lower RTT rst. But e_nlarged because of the path's growing CWND as the transmis-
as the CWND size is limited, the total data to be sent indsu  S1°" 90€S by. Consequently, ETC achieves about 1_3.4% b_etter
cannot be assigned to the faster path at a time. At this tim erformance than LRF. When both p:_;uhs loss rate is low (i.e.,
the faster path is occupied and deemed unavailable. As a r I_I1), the overall transfer time of ETC is rogghly 19.5% shorter
sult, LRF will select the path with higher RTT despite the factthan that of LRF. As LRF only takes available paths' latency

that waiting for the faster path to be available again may Iea(}{‘to account to make scheduling decisions, it causes underuti-
to shorter transfer completion time. By avoiding blindly select- !

zation of underlying paths' capacity. Because BLEST also
ing paths with the LRF principle, BLEST shows much betterireats the slower path as a backup path, it underutilzes under-
performance. As for ETC, the data partition on each path ié

ying paths' capacity as well. ETC, on the other hand, assigns
calculated in advance to make data transfer on both paths nis:ﬂata over all paths based on estimatiqn before transmission to
as simultaneously as possible. Consequently, the transfer tinfe ectively shorten the overall transfer time.

of all paths in this path group with LRF is about 28.7% longer h i load
than that with ETC. 5.2.2. Short File Downloa

As for performance over thiel_hh path group, ETC is ap- Figure 7 illustrates the short le download performance of
proximately 29.6% faster than LRF. When the latency of thelN€ two schedulers over paths from the same path groups of the

both paths are high, time taken by retransmission makes a diRreVious section. There is no signi cant @irence between the
ference in the overall le transfer completion time. Even thoughP€rformance of LRF, BLEST and ETC owing to the redundant
both paths are high in latency, LRF will still select a relatively S€Nding strategy upon connection established. The initial path
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has great impact under all scenarios as the data to be transferrddo 3 Gl_lI_Il), the le transfer completion time decreases by
is only 5SMB. about 34.4%, 38.8% and 39.9% respectively with ETC, BIEST
Under scenarios which involves a high latency path and @and LRF. When the number of heterogeneous path comes to
low latency path tgh_lh, hhl, hi_Ih, hiIl), a large amount of 4 (hlll_hl_II), the median le transfer completion time barely
data has already been sent before the RTT of the high latenshortens with LRF and slightly shortens by about 9.7% and
path is probed. The behavior of all schedulers doesn't play 8.9% with ETC and BLEST respectively. When there are four
signi cant part in in uencing the overall le transfer comple- low latency paths and one high latency pathl{_ll _Il _Il), three
tion time. Therefore, they basically show the same level of perschedulers’ performance is close to each other. In a nutshell,
formance. However, the initial path shows great impact on th&TC shows favorable performance and still outperforms LRF
overall le transfer completion time. as the number of heterogeneous paths increases.
When it comes to path groups in which paths' latency is
of the same level, i.e., both high latency or both low latency
(hl_hh, Ih_Il), there is no gap between the time of RTT probing
over di erent paths. Consequently, the way of handling packet
loss has the greatest impact on transfer completion time, which
is elaborated in the previous section.

Figure 8: Performance on varied number of heterogeneous paths
(a) Get 5MB ovehh_lh andhl_hhpath(b) Di erent initial path fromhh.lh

groups andhl_hh path groups
6. Related Works

6.1. Multipath Transport Protocols
The idea of multipath transport protocol dates back to Stream
Control Transmission Protocol (SCTP) [23] which is only de-
ployed in certain elds like signaling trac within telephone
networks as a failover measurement. Not until the prevalence
of multihomed mobile devices, does MPTCP [12] emerge as a
multipath transport protocol that is possible to be widely de-
(c) Get 5MB overhhl andhl_lh path(d) Di erentinitial path fromhh.ll and ployed After several years of evolving, schedulers ofedhi
groups hi-Ih path groups ent kinds have proposed for it [24], making it more and more
mature. However, due to ossi cation [25], MPTCP is still not
prevailing.
With the emergence of QUIC, inspired by MPTCP, De Con-
inck et al. presented the design and evaluation of Multipath
QUIC [3], which shows that MPQUIC has better multipath per-
formance than MPTCP. The exibility of MPQUIC also brings
various shceduler for derent purpose [26, 27, 28, 29] and
makes it easy to transplant schedulers from MPTCP. As MPQUIC
(e) Get 5MB overlh_Il andhl_Il path(f) Di erent initial path fromih_ll and IS UDP-based,its deployment does not involve any changes to
groups hLIl path groups operating systems and middleboxes. As a result, MPQUIC is a

_ , o _ more promising multipath transport protocol.
Figure 7: Get 5MB using h2quic with TLS over six types of heterogeneous

hs. .
paths 6.2. Multipath Over Heterogeneous Paths

5.2.3. File Completion Time over Varied Number of Paths To deal W't.h performance degradation and achieve Igw la-
Fi 8 debicts the | letion ti f 100MB tency scheduling over heterogeneous paths, STTF [9] is pro-

5t |5guhret epicts the te;}con\}she Iort]h Ime Ob fh (Ever osed. The design of STTF is similar to Out-of-Order Trans-
0 elerogeneous pains. en the number ot NELETOGkgission for In-Order Arrival Scheduler (OTIAS) [15] and Earli-

neous p:thtsh IS tWO'b't falflshlr:to the aforeme?rt:or_’rédl path ¢ est Completion First (ECF) [16]. They all use the path informa-
group. AS the number of heterogeneous paths INCreases 1rof, 1, estimate transfer completion time and selects the fastest
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