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Abstract—In an intra-domain network where OSPF or IS-IS  to a receiver; we term the path through one or more proxies as
protocol is used, the underlay routing may not be optimized. ,yerlay path. The created overlay path may have much lower
The delay in the shortest weight path may be much larger than g5y than that of the default path. With the added proxies, we

delay in the shortest delay path from a sender to a receiver. find | h h del | he del
For delay sensitive applications, we investigate the possibility of €@n find overlay paths whose delays are close to the delays

adding proxies in networks to make the delay in the overlay in the shortest delay paths. If the overlay path doesn't have
path between senders and receivers close to the delay in shortestdelay improvement for a sender-receiver pair, the pair will use
delay path and to reduce the delays from senders to receivers. By the default path for data transmitting. Furthermore, multi-cast
solving the integer linear programming formulations developed 005 can he created from senders and packets can be replicated

on the overlay logical network, we get optimization results: . )
number of optimal proxies, optimal proxy locations and the &t Proxies to save the sender and the network bandwidth.

improvement in reducing delays from senders to receivers. We  Many works have been done on improving the performance
also apply Dijkstra’s algorithm on the overlay logical network in transmitting data to large number of users [5], [6], [7]. Two

to explore the maximum benefit of placing proxies on reducing existing techniques, end-host-only overlay [6] and Content De-
delays. From simulation results of 6 ISP networks, we observe livery Networks(CDNs) have been developed and successfully

that adding proxies significantly reduces the delay from senders lied in | | L H h
to receivers for some networks. Finally, we identified a network applied in large scale group communications. However, the

metric, Default Delay Minimum Delay RatiODMDR), which will ~ scalability and performance of the two techniques may not be
provide guidance on whether adding proxies will significantly able to meet the increasing delay and bandwidth requirements

reduce the delays from senders to receivers in a network. of the applications. Even through end-host-overlays don’t need
additional infrastructure and are easy to deploy, the control of
I. INTRODUCTION the overlay network with large number of end hosts is difficult

Hd therefore limits the number of end users in applications.

Internet is a pervasive media for large scale group orient CDN toically placed at the ed £ th
communications such as video-conferencing, online-gamin pce Servers are typically placed at tne edge of the
twork and messages are directly sent from content server

chart-room, IPTV, and long-distance learning. These applica- :
tions have stringent bandwidth and/or delay requirements a the CDN server, the content server needs to make multiple
can often involve a large number of users. The current Intern P|es of the message .anc_i.send each copy to each CDN server.
however, only provides a single class of best-effort servic ,'S may lead to a significant cont'ent. server and network
with no delay or bandwidth guarantee to the appIicationg.andwIdth usage for group communications. .

Due to the deficiencies of the routing protocols [1] and/or In our res_earch, we first create _overlay logical network_on
some internal policies in setting the physical routes [2], tht p of physical network and use linear programming to find

routing may not be able to find the optimal path from a send o ?]ptlmgl ntl;]mber (.)f proxies snd tfhe|r qpt|mall_locat|ons.
to a receiver. The application layer overlay routing usuall y changing the maximum number ot proxies in iinear pro-

can compensate the un-optimized network layer routing [ .ra”_‘m'”% fotrmtlﬁllatlon, We can dlscct)ver _hOW the nubee; (t)fl
Adding proxies in network to form an overlay network is on roxies afiects the maximurm percentage Improvement ot fota

way to reduce the delay from the senders to receivers andld ays. Second, We tun Dijkstra’s algorithm on the overlay
reduce the network link bandwidth usage. ogical network to find the shortest delay paths from senders

We designed overlay networks that can minimize the dela receIvers. By comparing the total delays of the overlay
from senders to receivers in multiple multicast groups, es a_1th§ with the delays Of the default paths, we can calgulgte the
cially for the applications with low bandwidth requirements. ipraximum perc_entage_ improvement when we dor_1t limit _the
intra-domain routing, protocols such as OSPF and IS-IS fiffymber of proxies. Third, we study hOW the link weight setting
the path with shortest link weights [4]; we term the shorte ects the total delay percentage improvement when adding

link weight path asie fault path. If the link weights are not proxies in one single ISP. Since the link weight is the main

set properly, the delay of the searched default path may Y ralrtneter th?]t ?ﬁecf th?( rogtmg. (:ef?ult path, tot'u r research
much larger than the delay in the shortest delay path. Z‘T’(u S _mhaty tep tr_1e _vvortha mltnls rI? OILS n:hse '”9d prf[)_per
adding one or more proxies at proper router location(s), weights to optimize the network. Fourth, we identify

can create a path from a sender to a proxy and from the proz;qpetvvork characteristic metric which provides guidance on



whether adding proxies will reduce the delays from senders
to receivers.

For this work, we focus on placing proxies within a single
ISP and leave the problem of proxy placement in the inter-
domain as future work. We apply our algorithms and solutions
to 6 ISP networks in USA, Australia and Europe where
network topology, link weights and delays were measured by
Rocketfuel [8], [4]. The simulation results prove that some
ISPs are not optimized and adding proxies and using overlay
path can reduce the delay from senders to receivers.

The rest of the paper is organized as follows. Section Il (a) (b)
describes the problem setting. Sections IV studies the average _ _
delay improverments as increasing the number of proxies [ . J=ieien oL St e oy P plsencr o proces,
using linear programming. Section V describes maximumge 3
benefits in reducing delay by using Dijkstra’s algorithm.

Section VI concludes the paper and presents future work.

and minimizing the maximum delay

Z max D,(s,r). (2)

Il. PROBLEM SETTING
sesS

Consider a physical network, represented as a geaph Fig. 1 illustrates how proxies and overlay Iinks can be
(V,€), where ) represent the set of nodes (routers) in thﬁsed to reduce the delay. Suppose that the routing protocol

network anct is the set of physical links connecting the node&/etermines the default IP path based on edge weights and node

Each link! has delayi;. We assume that the underlying routin?}l_e""amS to send data to node 6, 7 and 8. The network in Fig.

protocol determines the default IP path based on metrics otHef®) Shows a physical network and thick lines indicate the

than the delay — e.g., the weights of links — and thereforg?fau“ path from the sender to all the receivers. Fpr example,

the default IP path between two nodes may not necessarilytgg default path from node 1 to node 6(is 2, 6) which has

the path with the minimium delay. For any pair of nodes, 1€ total weight of 5 and the total delay of 7. For node 7, path

D, (u,v) denote the delay on the default IP path betwaen (1,4, 7) is the default path and the total delay of the path is

andv. ThenD,(u,v) is simply the sum of delays of links on 11.

the default IP path. _To reduce the dglay, we can place a proxy at node 3 (See
Our goal is to place proxies at appropriate places so that {7ld: 1 (0))- By using the proxy as a relay, node 6 can now

can minimize delays experienced in group communicatiod§¢€'V€ data over patll,3,6) and node 7'can use path

Suppose that we are allowed to choose at midst proxies (1+3: 7). The delay to node 6 and node 7 is reduced from

from V and at mostN pairs of proxies can be maintained’ ©© 4. and from 11 to 5, respectively.

as overlay links. We assume that proxies can be located only I1l. OPTIMAL PLACEMENT OF PROXIES

at the routers. LefS denote the set of sources. Each source . . . ' .

s € S has a group of receivers, denoted/as A source and In this section, we present the algorithms to find an optimal

its corresponding receivers form a multicast group, denoted%@cemem of proxies to minimize_end-to-end delays. In fact,
(s, R.). Let R = . R,. Once we choose a set of proxie Yve can show that for both metrics — (1) and (2) — the

we can use proxies as relays to send data from a sourc

receives. That iss can send data to a proxy first and then tthOBL',EM' The 'NP—hardne.ss proof is given in the Appendix.
proxy forwards the data to another proxy or to the receiver Ve first consider a special case of problem where there are
directly. Let (s, o1, 02 or,7) be the overlay path from to no constraints on the number of proxies and overlay links.
r whereoy's are p’roxi,es. Recall thad, (u, v) is the delay over In this case, the problem can be solved using the shortest
the default IP path betweenand 1€he’n the delayD, (s, ) path algorithm. The results give the maximum delay benefits
of an overlay path between and v is given asD, (s 01)’ I of using proxies without considering the cost of overlay
k—1 P deployment. When we can use only, proxies andN,
S 1D (01, 0i41) + Dy(og, 7). ploymt proxies .
Ei\llenpa set of multigast groups, our problem is to find th%verlay Im_ks, we formulate the problem asan integer linear
optimal placement of proxies and an overlay path betwe8h?9ramMMINg. Even though solving ILP is still NP-hard, we

each source and receiver pair so that we can minimize -k Obta'n an optimal solution of ”‘P. for gffiphs from real
tworks in a reasonable amount of time, using CPLEX.

delay experienced by end users. In particular, we consid&t
two objective functions — minimizing the total delay overs. Maximimum Benefit of Proxies
all source and receiver pairs

|E8blem is NP-hard by a reduction from thee’SCOVER

When there are no constraints on the number of proxies and
Z Z Dy(s,7), (1) overlay links, we can find an optimal placement and multicast
ses reR. trees with minimum total delay by using the shortest path



algorithm. Given a physical network graghwe can construct TABLE |

a logical graphG = (V’ E), which is a complete graph wherelSP AS3257 INEAR PROGRAMMING RESULTS BY VARYING THE NUMBER
V =V and each edge ifv represents a possible overlay link. OF PROXIES NUMBER OF PROXIES TOTAL DELAY, NUMBER OF PATHS
A logical link e in E connecting a pair of nodes represents the THAT USED PROXIES AND DELAY PERCENTAGE IMPROVEMEN({DPI)

default IP path determined by the underlying routing protocdt-Proxy Num | Total Delay(ms)] Num of Paths use Proxies DPI(%)

Each edge (logical link) has its delay(e), which is the same 0 562 0 0

as the delay on the default IP path. % 3?18 %g g%
We can now find the shortest path between each pair of 3 425 26 322

source and receivés,r), r € Ry in G, based ori(e). Any 4 418 30 344

internal node on the shortest path betwden-) has to be 2 ﬂg gs gg:z

a proxy. The solution gives the maximum benefit of overla

networks when we are allowed to used as many proxies as TABLE Il

necessary. ISP AS1755 INEAR PROGRAMMING RESULTS BY VARYING THE NUMBER

In the following SL_JbseCt|0n’ we con_5|der the case WheN,e proxies NUMBER OF PROXIES TOTAL DELAY, NUMBER OF PATHS
the number of proxies and overlay links are limited and 1.t ysep proxIES AND DELAY PERCENTAGE IMPROVEMEN(DPI)

. . . L .

find an optlmal placement of proxies using integer line "Proxy Num [ Total Delay(ms)| Num of Paths use Proxief DPI(%)
programming approach. 0 635 0 0

1 546 15 16.3

L ; 2 531 24 19.6

B. Limited Number of Proxies 3 22 19 2186

Once we restict the number of proxies that we can use, 4 514 28 23.5

. 5 507 29 25.2

the problem becomes NP-hard by a reduction froag SET 6 503 29 26.2

CovER problem. To minimize the end-to-end delays fro 7 499 28 27.3

senders to receivers, we formulate the problem as integer linear 8 497 30 27.8

rogramming (ILP). We have obtained optimal solutions t ’ a8 3 28.9

prog g : p 10 495 28 28.3

ILP for 6 real networks, using CPLEX.
Our ILP formulation is as follows: We consider a complete
logical graphG = (V, E) as in Section IlI-A. Letz,, represent
whether a vertex € V is chosen as a proxy. The value of
is 1 if v is chosen as a proxy, artdotherwise. Similarly, let
x. represent whether an edgec E is seleceted as an overlay
link connecting two proxies in the overlay network. Then, for
an edgee = (u,v), we have Constraints (9. < x, and We used ILOG CPLEX solver to solve the integer linear
z. < x,. Thatis,z. can be an overlay link only if both andv  programming formulation. CPLEX is a robust and reliable
are proxies. We can choose at mot proxies andV, overlay mathematical programming optimizer with high performance.
links, which gives Constraints (10) and (11), respectively. We ran linear programming on ISP networks AS3257 and
We now construct a multicast tree using overlay links. W_RS1755. We randomly chose 2 senders in each network and
assume a single path is used to deliver data from a sourcaaadomly chose 20 receivers for each sender. We ran linear
a receiver. Letf?(u,v) represent whether we use the overlaprogramming solver to calculate thetal default path delay
link (u,v) to send data frons to » wheres € S, r € R,. from all senders to all receivers by setting the number of
Then we have Constraints (18)< f3(u,v) < z. for u # s, proxies to zero. When adding proxies, the linear programming
v # r, ande = (u,v) as we can use the link only when itsolver can return theotal overlay path delayjrom all senders
is selected as an overlay link. Note that the above constaiatall receivers in the results. By varying the number of proxies
does not apply to the logical link ofs,r) since a source in constraint (10), we ran LP formulation to get different total
and receiver pair is always allowed to use the default IP patherlay delays. We usBelay Percentage Improvem¢bPl)
between them. Furthermore, we allow sourceo send to a defined in Il to show the benefits of increasing the number of
proxy nodev even if the link (s,v) is not an overlay link, proxies.
which leads to Constraints (14),< f3(s,v) < z,. Similarly, Table | and Table Il show the linear programming results of
we have Constraints 18 < f$(v,r) < z, for receiverr. one case in ISP AS3257 and ISP AS1755, respectively. The
Constraints (16)-(20) ensure that exactly one unit of flow isvo tables show the number of proxies, total delay, number of
sent froms to r, which determines a unique path froimo .  paths from senders to receivers that use one or more proxies
Recall thatl(u,v) denotes the delay of the default pattand theDelay Percentage ImprovemébPl) associated with
betweenu andv, e = (u,v). Let D(s,r) denote the delay the number of proxies. When the number of proxies is zero,
from sources to receiverr. ThenD(s,r) can be computed asthe total delay is the total delay of default paths. In the test
> ecr [7(e)l(e), which gives Constraints (21). case of each ISP network, there are 2 senders and each sender
Our objective is to minimize the sum dD(s,r) over all has 20 receivers. Therefore, there are 40 paths from senders
source and destination pairs or the sum of maximii(s, ) to receivers in each ISP.

in each multicast group.

IV. LINEAR PROGRAMMING RESULTS



Increasing the number of proxies in each network wibf the average delay of the default path(shortest weight path)
reduce the total delay from senders to receivers and this treardtl the the average delay of the shortest delay path. For the 6
is shown in Fig. 3. When the number of proxies reaches certdBP networks, we calculated the average delay of the default
number, adding more proxies will not reduce the total delagath and average delay of the shortest delay path between two
In ISP AS3257, the maximum number of proxies that camodes. From the two calculated average delays, we calculated
reduce the total delay is 6 for the testing case; In ISP AS1756¢e Default Delay Minimum Delay RatifdDMDR). For each
the maximum number of proxies that can reduce the tot&P network, we ran Dijkstra’s algorithm overlay optimization
delay is 10. We also found that the first and second add®d0 times. In each run, we randomly chose 2 senders and
proxy give much improvement in reducing the total delayandomly chose 20 receivers for each sender. We calculated
Adding more proxies, the delay percentage improvement (DRte averageDelay Percentage Improvem¢bPl) of the 500
changes slowly for both ISP networks. runs.

In addition to generating the optimal number of proxies
and the delay average percentage improvement, Linear Pro- TABLE Il
gramming formulation alSO ﬁndS the Optlmal |Ocati0n5 Of thﬁVERAGE DEFAULT PATH DELAY BETWEEN2 NODES, AVERAGE SHORTEST
optimal proxies. The results of linear programming will help ¢, oy path DELAY BETWEEN 2 NODES, DEFAULT DELAY MINIMUM
the internet service provider in placing limited proxies at  pgjay RaTIO(DDMDR) AND AVERAGE DELAY PERCENTAGE

optlmal locations. IMPROVEMENT (DPI) OF THE6 ISPNETWORKS.

V. OVERLAY DIJKSTRA'S ALGORITHM RESULTS ISP Average Default| Average Min | DDMDR | DPI(%)

. .. , . Delay(ms) Delay(ms)
Running Dijkstra’s algorithm on the overlay network can as1755 1417 12 65 1120 1176
generate maximum benefits of reducing total delay when AS3257 18.06 15.65 1.154 13.26
fac i i : AS6461 36.54 35.11 1.041 3.67
the numbgr of proxies is no,t Ilmlte_d. Compared to linear AS3967 o5 97 2418 Lo4s 232
programming, running Dijkstra’s algorithm on overlay network | as1221 16.00 15.79 1.013 1.4
is much more efficient in generating statistical results which| AS1239 24.36 23.16 1.052 4.42

will help us in identifying the network metrics that affect the
maximum benefit of reducing total delay by placing proxies.

A. Link Weight Settings Table 1l shows the average default path delay between 2

Link Delay Weight Rati@DWR) of a link is defined in nodes, average minimum delay path delay between two nodes,
Section II. When the LDWR values of all links in a network2efault Delay Minimum Delay RafpDMDR) and average
are same, the default shortest weight path from a sender tB@ay Percentage Improveme(DP!I) of each ISP network.
receiver is same as the shortest delay path from the sendefi S iS @ plot of the relationship between netwdkfault
the receiver and adding proxies will not reduce the delay. P€lay Minimum Delay Rati®DMDR) and the averagbelay
ISP network AS3257, we randomly set the link weights arfgercentage ImprovemeftPl). From the figure, we observe
controlled the LDWR in certain range. For each setting of tHfat Default Delay Minimum Delay RadDMDR) and the
network link weights and the calculated standard deviatid¥elay Percentage Improvem¢bPl) have almost linear re-
of LDWR, we run Dijkstra’s algorithm overlay optimizationlationShip- _As the DDMDR increases, adding proxies will
500 times. In each time, we randomly chose two senders diRnerate highebelay Percentage Improvem¢bPl).
for each sender we randomly chose 20 receivers. Then, we/Ve also introduced the metrimulticast default delay min-
calculated the average Delay Percentage Improvement(Diffym delay ratio It is defined as the ratio of total default
of the 500 runs. We set the link weights multiple times an@th(shortest weight path) delay and the total minimum delay
for each time we repeat the same procedure to calculate Béh(shortest delay path) delay from each sender to its multiple
standard deviation of LDWR and the average Delay Percentd§eivers. For ISP AS3257, we ran Dijkstra’s algorithm overlay
Improvement. optimization 500 times. In each run, we randomly chose 2

Fig. 4 shows that when the link delay weight ratio standaggnders and randomly chose 20 receivers for each sender. We
deviation increases, thBelay Percentage Improvem¢bel) calculated themulticast default delay minimum delay ratio
due to placing proxies will increase. As the LDWR standar@dd the optimized delay percentage improvement after adding
deviation increases, the link weights are more random and {¥@xies in each run.
delay percentage improvement will be be higher. when theFig. 6 is the scatter plot of multicast default delay minimum
LDWR is greater than 1, the link weights become randofiglay ratio and the total delay percentage improvement after

and the DPI will not change too much. adding proxies. From the figure, we observe the trend that runs
o _ with higher default delay minimum delay ratio have higher
B. Network Default Delay Minimum Delay Ratio delay percentage improvement after adding proxies. There are

We identified a network metricDefault Delay Minimum a few exceptions where high default delay minimum delay
Delay RatigDDMDR), that provides guidance on whetheratio didn't produce high delay percentage improvement after
adding proxies will reduce the total delay from senders tdding proxies. That's because the searched overlay paths are
receivers. As explained in Section 1l, DDMDR is the ratidar away from the shortest delay paths due to link weight



setting(i.e, large weights are set for some short delay links)

C. Network Delay Percentage Improvement Histogram

When running Dijkstra’s algorithm overlay optimization, we
recorded the delay percentage improvement for each selection
of senders and receivers and analyzed the distribution of
delay percentage improvement. Fig. 7 is the delay percentage

improvement histogram of 500 runs on ISP AS3257. From the minimize:z Z D(s,r) ()
figure, we observe that most of the selections of senders and scSreR.
receivers have the delay percentage improvement close to the or
average percentage improvement of 13.3%. Some selections minimize:z max D(s,r) (4)
of senders and receivers have delay percentage improvement P
higher than 30% after adding proxies.

VI. CONCLUSION AND FUTURE WORK subject to:

In this paper, we studied reducing the multicast delays by o €{0. 1} veV ©)
placing proxies at optimal locations. We first created overlay ze €{0,1},e€ E (6)
network by creating logical links between every two nodes. Te < Ty, Te < Xy, e = (u,v) € FE 7
Then, we created integer linear programming formulations and Z 2, < Ny @8)
used CPLEX optimization solver to solve the formulations. =
From linear formulation results, we can find the optimal
number of proxies, optimal locations of proxies and the delay ZE% < Ne ©)

ec

improvement by placing proxies. By changing the number of
proxies in linear formulation, we observed that placing proxies
will significantly reduce the total delay for some networks. We

fi(u,v) € {0,1},s € S;r € R, (u,v) € E (10)

also ran Dijkstra’s algorithms on 6 ISP networks to explore the 0< f7(u,v) < xe,s € S,1 € Ry,
maximum benefit in reducing delays by adding proxies. The
Dijistra’s algorithm results show how the link weight setting e=(u,v) € E,u#s,v#r (11)
affect the delay percentage improvement when placing proxies. 0< f5(s,0) < 2, s € S,7 € R, (12)
Finally, we identified a network metric, Default Delay Min- 0< f5(v,r) < 20,5 €S, € R (13)
imum Delay Ratio, which will provide guidance on whether — Aot =T ’ s
adding proxies will greatly reduce the total delay from senders > fis,v)=1,5€8,r€R, (14)
to receivers in a network. veV\{s}
Although linear programming can produce theoretical solu- Y. fiv,s)=0,s€ 8,1 €R, (15)
tions, it may not be practical to solve the optimization problem vV (s}
with 10s of millions of optimizing parameters and constraints s
when placing proxies in large networks. A heuristic algorithm Z frlvr)=1s€S,r€Rs (16)
needs to be developed to improve the performance in proxy veVA{r}
placement optimization. In this work, we focus on placing Z fi(r,v)=0,s € S,r € R an
proxies within a single ISP and we need to extend the proxy veV\{r}
placement solution to inter-domain network.
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