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Abstract—Regional IP anycast enhances traditional global
anycast by organizing infrastructure into geographically-defined
regions, each advertising distinct IP prefixes to attract local
client traffic, though this approach introduces two key chal-
lenges: suboptimal intra-region routing from rigid geographic
boundaries and cross-region path inflation due to excessive
prefix multi-announcement. To address these, we propose ReOpt,
an optimized anycast framework that dynamically minimizes
latency through three key mechanisms: (1) real-time RTT mea-
surements between client-site pairs and assess pairwise site
preferences for each client, (2) intelligent multi-announcement
strategies that enhance routing flexibility while maintaining
stability, and (3) country-level region partitioning that simplifies
DNS management while preserving geographic optimization.
We formulate this as the Latency-Minimized Anycast Region
Partition (LMARP) problem, prove its NP-hardness, and de-
velop polynomial-time approximation algorithms with guaran-
teed approximation ratios. Qur experimental evaluation on the
PEERING testbed demonstrates that ReOpt-optimized regional
anycast achieves significant latency improvements, reducing 90th
percentile client latency by 4.6-9.3% across diverse partitions
compared to conventional regional anycast, demonstrating its
effectiveness in adapting to real network conditions beyond static
geographic constraints.

Index Terms—Anycast, CDN, Regional anycast, approximation
algorithm.

I. INTRODUCTION

IP anycast forms the backbone of critical Internet infras-
tructure — from DNS to CDNs — by advertising identical
IP prefixes across geographically distributed sites [1], [2], [3].
Although BGP-driven traffic distribution inherently balances
load, it fails to ensure optimal client-to-site assignments.
Clients often connect to distant sites due to policy-driven
routing (e.g., prioritizing customer paths over potentially
lower-latency alternatives), degrading both latency and user
experience [4], [5], [6], [7], [8], [9], [10]. This catchment
inefficiency, well-documented in prior research, persists de-
spite anycast’s widespread adoption, highlighting a funda-
mental trade-off between BGP’s operational simplicity and
performance optimization [11], [12].

To address these limitations, regional IP anycast has
emerged as a hybrid solution that leverages DNS-based client
mapping while preserving anycast’s operational benefits [13].
By partitioning sites into distinct regions (each announcing
a unique anycast prefix) and using country-level IP geoloca-
tion [14], [15] to map clients during DNS resolution, this
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approach maintains anycast’s simplicity while constraining
routing decisions within regional boundaries, thereby reducing
BGP-induced path inflation [16], [17].

However, recent measurement studies reveal that while
regional anycast improves worst-case latency performance
(e.g., reducing North American 90th-percentile latency from
110ms to 38ms in Imperva’s network [18]), it introduces two
significant operational challenges. First, the fixed geographic
boundaries of regions can cause clients near region edges to be
assigned to suboptimal sites despite better alternatives being
physically closer. Second, the multi-announcement mecha-
nism, designed for redundancy, can unexpectedly recreate path
inflation problems similar to those in global anycast. These
limitations fundamentally arise from current region partition-
ing schemes that prioritize administrative and geopolitical
considerations over network performance metrics. Addressing
these technical challenges is essential not only to validate the
transition from global to regional anycast architectures, but
also to fully realize the performance benefits promised by
regional anycast deployments [18].

We propose ReOpt, a novel optimized anycast frame-
work designed to systematically minimize end-to-end latency
through three interconnected technical innovations. First, our
framework initiates by establishing a comprehensive latency
profile through real-time RTT measurements between all
client-site pairs. This measurement process employs active
probing techniques conducted at regular intervals [19], while
simultaneously collecting passive traffic metrics from existing
connections. For each client ©w € U, we construct a com-
plete preference relation >, over the set of sites & based
on the measurement results, where s >, s’ indicates site
s is strictly preferred over s’ for client w [20]. Second,
ReOpt incorporates intelligent multi-announcement strategies
that go beyond conventional BGP advertisement approaches.
By carefully orchestrating prefix announcements, we achieve
enhanced routing flexibility while rigorously maintaining net-
work stability — preventing common issues like suboptimal
path selection. Third, the system introduces the country-level
region partitioning scheme that provides dual benefits: it sig-
nificantly simplifies DNS configuration management through
clear administrative boundaries while still preserving the ad-
vantages of geographic optimization. This tripartite approach
enables ReOpt to outperform traditional regional anycast im-
plementations by dynamically balancing three critical factors:
network performance (through latency minimization), opera-



tional efficiency (via automated measurement and adjustment),
and administrative practicality (with its hierarchical region
management system). The framework’s architecture partic-
ularly addresses the limitations of conventional geographic
anycast by replacing rigid boundary definitions with adaptive,
measurement-driven routing policies that respond to actual
network conditions rather than theoretical proximity.

Our first contribution is that we not only formulate LMARP
as an optimization framework but also derive its NP-hardness.
Given a set of clients and geographically distributed sites,
we first collect real-time RTT measurements between client-
site pairs and assess pairwise site preferences for each client.
Using this data, we construct a complete preference ordering
for each client while incorporating three critical constraints:
(1) BGP multi-announcement mechanisms that govern prefix
advertisements, (2) quantifiable preference relationships that
reflect latency and stability requirements, and (3) country-
aware routing policies that ensure compliance with admin-
istrative boundaries. The resulting optimized region partition
minimizes path inflation while maximizing the likelihood that
clients are routed to their preferred (i.e., lowest-latency) sites,
even when such assignments cross traditional geographic or
administrative borders.

Our second contribution is the design of an efficient and
scalable approximation algorithm ReOpt for solving LMARP.
We illustrate our approach in three steps from simple to
complex. Algorithm 1 addresses Simplified-LMARP (Sec-
tion III-B) by initializing each site as an independent region
and iteratively merging pairs, achieving an O(log(m — £))
approximation ratio, where m and ¢ denote the number of
sites and regions, respectively. Algorithm 2 incorporates multi-
announcement constraints, merging regions while dynamically
reassigning sites to satisfy these constraints, while maintaining
the same O(log(m — £)) ratio. Algorithm 3 solves the original
LMAREP by integrating both multi-announcement and country-
aware constraints: it initializes regions per country to satisfy
site constraints and introduces a user-site assignment function
to comply with user constraints, yielding an O(log(p — ¢))
ratio (p is the number of countries). All three algorithms run
in polynomial time, making them PTAS (Polynomial-Time
Approximation Scheme) algorithms.

Our third contribution comprises a comprehensive real-
world evaluation using the PEERING testbed [21], which
employs BGP-speaking routers across 14 globally distributed
sites with tier-1 ISP peering to emulate production CDN condi-
tions. We benchmark ReOpt against geographically partitioned
baselines and demonstrate its superior flexibility in optimizing
performance-driven region design. Unlike rigid geographic
boundaries, ReOpt intelligently merges and splits regions —
e.g., combining Australia with North America or partitioning
Europe into finer sub-regions — to minimize latency and
improve routing efficiency. Multi-announcement sites (e.g.,
Madrid serving multiple regions) further enhance coverage
and traffic control. These optimizations enable ReOpt to out-
perform traditional partitioning while maintaining comparable
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(a) Edgio’s 3-region partition. (b) Imperva’s 6-region partition.

Figure 1: Sites and clients belonging to the same region are visu-
ally distinguished by matching color codes. The directional arrows
represent empirically observed network paths collected during active
client access measurements.

region counts, proving its effectiveness in real-world CDN
deployments.

II. BACKGROUND AND MOTIVATION

In this section, we first introduce the background of global
and regional anycast before analyzing the limitations of de-
ployed regional IP anycast, focusing on Edgio and Imperva
— two leading CDNs ranked among the top 15 worldwide.

A. Global anycast and regional anycast

IP anycast is a widely used routing technique in which
multiple geographically distributed sites advertise the same
IP prefix, enabling client traffic to be routed to the “nearest”
site based on BGP path selection. This approach improves
latency and load balancing for critical services like DNS
and CDNs without requiring explicit client redirection. How-
ever, global IP anycast — where all sites announce a single
prefix — faces catchment inefficiency: BGP’s policy-based
routing often prioritizes business relationships (e.g., customer
routes over peer routes) rather than performance metrics like
latency, leading to suboptimal client-site mappings and in-
creased delays. Regional IP anycast addresses this inefficiency
by dividing sites into geographically bounded regions (e.g.,
continents or large countries), each announcing a distinct IP
prefix. By combining DNS resolution with IP geolocation,
clients are mapped to their nearest regional prefix, effectively
confining traffic within predetermined geographic boundaries.
Unlike global anycast, this approach maintains operational
simplicity while giving operators precise control over client-
to-site mappings — without requiring BGP modifications.
As a result, regional anycast significantly reduces catchment
inefficiency by strictly limiting maximum client-site distances
while preserving anycast’s scalability benefits.

B. Limitations of deployed regional IP anycast

Prior research has demonstrated performance limitations
in regional anycast implementations [18]. Building on these



findings, we examine two major CDNs that employ regional
anycast - Edgio and Imperva recently. Their deployments serve
as representative case studies that motivate our investigation
into optimization opportunities. Edgio uses 3-4 regional parti-
tions while Imperva employs 6 (including separate prefixes for
the U.S. and Canada), both aligning regions with geopolitical
boundaries. We measure Edgio’s 4-region and Imperva’s 6-
region partition to motivate our work. We use RIPE Atlas’s
user-defined measurement capability to first resolve regional
anycast IP addresses through DNS queries to selected domains,
then perform latency measurements by sending ping packets
to these resolved IPs. Finally, we find two inefficiencies persist
that diminish these gains.

First, rigid geographic boundaries in regional anycast of-
ten result in suboptimal routing decisions. For example, our
measurements of Edgio’s deployment reveal that a client in
Russia is routed to Amsterdam despite having a lower-latency
path to India (Figure 1a). Similarly, in Imperva’s deployment
(Figure 1b), Canadian clients near U.S. sites are forced to
connect to Canadian-region sites due to strict country-based
partitioning, incurring over 30 ms of additional latency. These
cases demonstrate how inflexible region definitions can de-
grade performance even when closer alternatives exist.

Second, cross-region site announcements can introduce la-
tency overhead when BGP routing policies diverge from geo-
graphic proximity. As shown in Figure la, when a European
site announces an Asian prefix, some Indian clients may be
routed to this distant location. We observe similar suboptimal
routing in Imperva’s deployment (Figure 1b), where a Florida-
based site advertising prefixes for both North and Latin
America causes some Brazilian clients to experience increased
latency due to BGP’s policy-driven path selection rather than
minimal-distance routing.

These findings highlight a critical gap: existing region
partitions are static and geography-driven, ignoring latency
dynamics and intra-region connectivity. This paper aims to
address the limitation of regional anycast by proposing and
evaluating a latency-optimized region partition scheme. This
study can provide new insights into how to design a regional
anycast (combining region partition and strategic cross-region
announcement) that achieves low client latency worldwide.
Additionally, if this study experimentally validates the perfor-
mance benefits of improved regional anycast, it could motivate
more CDNs to adopt regional anycast.

III. AN OPTIMIZATION FRAMEWORK

In this section, we introduce our optimization framework.

A. Problem Statement and Formulation

We first give a problem definition of LMARP. The key
notations are shown in Table 1.

Definition 1. The Latency-Minimized Anycast Region Parti-
tion Problem (LMARP) is defined as follows: Given a set U of
n clients, a set S of m sites, and for each client u € U, a total
order (S,>,) representing site preferences, we incorporate
country-aware constraints through country-specific subsets

Table I: KEY NOTATIONS IN THIS PAPER.

Input C=A{c1,c2,...,¢cp} Set of countries
R={ri,r2,...,1¢} Set of regions
S={s1,52,...,5m} Set of sites
U = {ui,uz,...,un} Set of clients
RTT(u,s) RTT between client u and site s
RTT(s,s") RTT between site s and site s’
=y and > Client u’s preference over S

Output | U25(u, s) zero-one variables
S2R(s,r) zero-one variables
UC2R(c,r) zero-one variables
SC2R(c,r) zero-one variables

S. C S (sites) and U. C U (clients). These constraints require
that (1) all sites in S; belong to a single region 1, and (2) all
clients in U, connect to a single region ro. The objective is to
find an {-region partition of S (represented by binary variables
S2R(s,r)), client-to-site assignments U2S (u, s) and country-
to-region assignments SC2R(c,r),UC2R(c,r) that minimize
total client latency.

Using the problem definition and notation established above,
we formulate Program 1 for LMARP.
> RTT(u,s) - U2S(ui,s5) (1)
uelU seS
subject to  (1a), (1b), (1c), (1d), (1e), (1f), (1g).

minimize

The objective function minimizes the total RTT across
all clients u € U. All decision variables U2S(,-),
S2R(-,-), UC2R(:,-) and SC2R(-,-) are binary indicators:
U2S(u,s) = 1 if client u connects to site s, and 0 otherwise;
S2R(s,r) = 1 if and only if site s is assigned to region r
(i.e., s € r); UC2R(c,r) = 1 if and only if all clients u € U.
connect to region r; SC2R(¢c,r) = 1 if and only if all sites
in country c are covered by region r (i.e., S C 7). We now
formally introduce and analyze the constraints (1a), (1b), (1c),
(1d), (1e), (1f), (1g) and discuss them in detail.

> U2S(u,s) =1, VuelU
seS

(1a)
Constraint (1a) enforces that each client u € U is assigned to
exactly one site s € S.

Z S2R(s,r) =1, Vs €S
r €ER

(1b)

Constraint (1b) ensures that each site s € S is assigned to at
least one region r € R. We call it “multi-announcement” if
site s is assigned to multiple regions.

U2S(u,s) > Z U2S(u,s’) - S2R(s,r) - S2R(s,r),
slistq 8!

YVueUd,seS,reR

(1o

Constraint (1c) ensures that client u selects the site s with
the highest preference among all sites in region r. The term
S2R(s,r)-S2R(s’,r) evaluates to 1 if both s and s’ belong to
the same region 7, and O otherwise. The inequality indicates
that a site s with higher preference will have a correspondingly
larger value of U2S5(u, s). Note that the preference relation
> 1s derived empirically from comprehensive network mea-
surements. Section V details our methodology for measuring



pairwise preferences via active RTT probing and passive
monitoring of all client-site pairs, and constructing complete
preference orderings through multi-criteria optimization incor-
porating both latency stability and path reliability metrics.

> SC2R(c,r) =1, VeeC (1d)
rerR
> UC2R(c,r) =1, VeeC (le)
reR
(SC2R(c,r) =1) = (S2R(s,7) = 1), (1f)

Vee(C,s € Se,r €R

(UC2R(c,r) = 1) = (\/ [U2S(u,s) A S2R(s,7)] = 1),
sES
VeeC,u €Ue,r€R

(1g)

Constraints (1d) and (1e) ensure that each country is assigned
to exactly one region. Constraint (1f) guarantees that every
site s € S, is covered by the same region as its associated
country c. Constraint (1g) ensures that each client u € U,
connects to the region r covering c through a site assigned
to 7. a = b is true means that a is false or a A b is
true. (\/,cs[U2S(u,s) A S2R(s,r)] = 1) means that there
exists site s satisfying U2S(u,s) = 1 and S2R(s,r) = 1.
Country-aware constraints serve two critical functions in DNS
operations. First, they align with the practical realities of
IP geolocation, where country-level granularity represents the
most reliable and widely-adopted standard for accurately map-
ping client requests to region-specific DNS responses. This
approach accommodates the inherent limitations of geoloca-
tion databases while maintaining sufficient precision for most
operational needs. Second, by enforcing consistent treatment
for all clients within a country’s borders, the system eliminates
the need for complex per-client customization, reduces con-
figuration errors, and simplifies policy enforcement. This dual
benefit of operational practicality and administrative simplicity
makes country-level constraints particularly valuable for large-
scale, globally-distributed CDN infrastructures.

B. Hardness Analysis

We present a simplified version of LMARP, denoted
Simplified-LMARP. Simplified-LMARP relaxes the original
formulation by removing all country-aware constraints (1d),
(1e), (1f), (1g) and simplifying multi-announcement to single-
region assignment (3, . S2R(s,r) = 1, replacing (1b)). We
then establish the NP-hardness of Simplified-LMARP through
a formal reduction. This result consequently proves that the
original LMARP is also NP-hard.

Theorem 1. Simplified-LMARP is NP-hard.

Proof. We establish the NP-hardness of Simplified-LMARP
through a polynomial-time reduction from the ¢-median prob-
lem.

R :{7’1,7'2,...,7"[77"[+1}
S =FU{fe}, [IF]=m
Instance Z = < U =X
da:-, i , .
RTT(ui, s5) = (idi) o 13 7 T
[e's) , otherwise

Since the /-median problem is known to be NP-hard [22],
this reduction consequently proves that Simplified-LMARP
is also NP-hard. Based on an instance of /-median problem
(V,d, F, X), we construct a Simplified-LMARP Z as above.

When the RTT between sites S = {fi,..., %, fo}
and client u form a non-increasing sequence RTT(u, foo) >
RTT(u, f{*) > --- > RTT(u, fY), we derive the client’s
preference ordering as foo >y f1* =u -+ =u f), Where
> represents the weak preference relation of client v over
anycast sites.

Consider any (¢ + 1)-region partition Rey; =
{ri,...,re41} of & with foo € ryy1 (without loss of
generality). If any non- f, region r € (Ry11 ©1p41) satisfies
|r| > 1, we can refine the partition by moving some site
f € r to reqq, creating modified regions ' = r © {f} and
Typ1 = Ter1 D {f}, where © and @ are set minus operation
and set union operation. For clients previously preferring f in
r, they will now select their highest-preference alternative in
r/, which by construction cannot increase their RTT (and thus
cannot worsen the objective). Crucially, since f,, remains
the global preference in 7y, , this transfer preserves all other
clients’ optimal site selections and RTT values.

The finite solution space guarantees the existence of an
optimal solution by the extreme value theorem. Our anal-

ysis reveals an optimal (¢ + 1)-region partition R¢{] with

the structure r¥*T = {fr } for k = 1,...¢ and r@f] =
{fresrs o> frms foo}» where {m;}i™, is a permutation of
1,...,m. This induces an ¢-median candidate solution M =
{frys-wes fn, }- If M were suboptimal, replacing it with an
optimal (-median solution M = {f. . .. fu} would

yield a new partition 7" = {fr } (for & = 1,...,4) and

r?ﬂ ={ f,réﬂ, v frr ) foo} that reduces the total RTT —
contradicting RP}|’s optimality. Thus, M must indeed be
optimal for the /-median problem.

In conclusion, we have demonstrated that any solution to
the Simplified-LMARP would yield a solution to the NP-
hard /-median problem through our polynomial-time reduc-
tion, thereby establishing the NP-hardness of the Simplified-
LMARP as formally stated in Theorem 1. O

IV. ALGORITHM DESIGN AND ANALYSIS

In this section, we present a progressive approach to solv-
ing LMARP through three increasingly complex scenarios.
We first address Simplified-LMARP by developing Algo-
rithm 1. Building upon this foundation, we extend our solution
to multi-announcement scenarios through algorithmic adjust-
ments, yielding Algorithm 2. Finally, we incorporate country-
aware constraints to solve the original LMARP, culminating
in the design of Algorithm 3 as our comprehensive solution.

A. Solving Simplified-LMARP via Reverse Greedy Algorithm

We present Algorithm 1 for the Simplified-LMARP in
Section III.B, employing a bottom-up approach that initializes
each site as an independent region and iteratively merges
optimal region pairs until reaching the target ¢ regions. Unlike
top-down partitioning strategies that divide a single universal



region, our method evaluates all possible merges at each step,
computes the resulting total client latency, and selects the
pair that minimizes this metric to form the new partition.
This process continues until the desired number of regions
is achieved, ensuring both efficiency and optimality in the
merging sequence.

Specially, Algorithm 1 begins by initializing R,,, where
each site forms its own region (line 1). The algorithm then
iteratively processes the current region partition: at each step,
it identifies and merges the pair of regions whose combination
yields the minimal performance degradation (lines 3-5). This
process repeats until the partition size reduces to the target ¢
regions (lines 2-5). The O(m?) time complexity arises from
evaluating @ potential merges per iteration for t = m, m—

.,£+1, maintaining polynomial-time efficiency throughout
the computation.

Algorithm 1: Reverse Greedy Algorithm (RGA)
Input : R,S,U, RTT(u,s), Preference >4
Output: S2R(s,r), U2S(u, s)

1 Initiate Ry, = {rl ={s1},r2 ={s2},...,rm = {sm}}.
2 fort =m,m — Ll+1

3 Let Ry = {rt , rt Ve rt} be the current region partition.
. LaR@]:[Rfe{ﬂ}e{ﬁ}]®{ﬁJf

1}, 1<i<j<t
/+x © and @ in line 4 is set operation */
5 Then’RtflzargminRi,j{Obj( LIV, 1<i<i<

/% Obj(Ri‘j) represents the minimum
objective function value of Ri’j, subject
to constraints (la) and (lc). */

6 Set S2R(s,r) and U2S(u, s) according to R, and Obj(-).

Theorem 2. The approximation ratio of the Reverse Greedy
Algorithm (Algorithm 1) is O (log(m — {)), where m is the
number of sites and l is the number of regions.

Proof. We define a projection function II(r,, ®) that maps
a region r, € @ to an optimal target region r, € ® by
minimizing the total RTT between site s(u,r;) and s(u,r,)
for all clients w assigned to r, in the partition ®": r, =

II(ry, ®) = argmin, .4 > RTT (s(u,ry), s(u,r))
u | u—ry
where u — r, indicates that client u connects to region 7, in
@', and s(u,r,) (resp. s(u,r)) denotes u’s serving site in 7,
(resp. 7).

Let ROPT = {rQPT 7QFT .. rPPT} denote the optimal
region partition. At iteration ¢, deﬁne the projected partition

U, = {¢f,95,...,4),} where each of = TI(r ?PT R:) for
j=1,...,p with p; < < £. The followmg inequalities hold:
Obj(Ri—1) — Obj(Ry)
< min  {Obj(R{7)} — Obj(Ry)

ri;é'ri ERtOY
2 e .
< m Z [ObJ(RtJ) - Ob](Rt)]

ritr] €R OV,

<

[Obj (W) — Obj(Ry)]
t—p¢

< % [Obj(W:) — Obj(Re)]

Given that R, © ¥, C R; and by the definition of
the objective function Obj(-), we have Obj(R;—1) <

min  {Obj(RY7)}. This establishes the first inequality.
riATLEROSV,

The second inequality follows since the minimum is bounded
above by the average. For the third inequality, we examine
client u’s contribution to the left-hand side (LHS), which
occurs if and only if u’s connected region undergoes merging.
The total contribution is bounded by m (t—p—
1) [RTT (u,s(u, Vy)) — RTT (u, s(u, Ry))], where s(u, ¥y)
and s(u,R:) represent u’s serving sites under partitions U,
and R; respectively. Summing these contributions across all
clients u € U validates the third inequality. Finally, the fourth
inequality holds because p; < ¢ by construction.

Prior to analyzing Obj(¥;) — Obj(R:), we establish
two foundational assumptions: (1) triangle inequality holds
for all latency measurements (RTT (u,s), RTT (u,s’), and
RTT(s,s'), Vu € U and V s # s € §), which is a
common network property; and (2) the projection function
TI(-,-) satisfies the following inequality.

Z RTT (s (u, TSPT) , s (u, (rg, ‘I’t)))

u | u—r@PT

DS

u | u—=r§

RTT (u,s (u,7 (u, Re))),

OPT

where s(u,r) denote the highest-preference site for client
w in region 7, and r(u,R;) represent client u’s connected
region in partition R;. Given the premium inter-site links,
complex client-site relationships, and the projection function’s
definition, we maintain that this assumption remains valid.
In addition, we have the following inequalities.

Z RTT (u, s (u, 7 (u, ¥y)))

(s (o (277, 92)
(i)

+ RTT (5 (u, TOPT) .S (u,H(TfPT, ‘Ilt)))]
[RTT (u,s (u OPT)) + RTT (u, s (u, r (u, Rt)))]

OPT

u | u—=rg

< ¥

u | u—msrQPT

DS

u | u—=r@PT

RTT (u,s

[RTT (u, s

>

u | u—=rg

The first inequality follows from the definition of r(u, ¥y),
since the sum where clients select their optimal regions cannot
exceed the sum using projected regions. The second inequality
holds by our triangle inequality assumption, which generates
terms of Obj(ROFT). The third inequality results from our
projection function assumption, enabling the transformation
of inter-site RTTs into terms of Obj(R;).

By aggregating the inequalities across all 77
we obtain the bound Obj(¥,) — Obj(R,) < Obj(ROPT).

OPT c ROPT

This leads to our key result: Obj(Ri—1) — Obj(R:) <
iObj(ROPT). Summing over iterations t = m,m —

,£+1 yields the final approximation ratio of >_."| ¢ 2. ~
(’)(log(m ). O



B. Solving Simplified-LMARP with Multi-Announcement con-
straints

We now extend our approach to incorporate multi-
announcement constraints, allowing sites to advertise multiple
regional prefixes. During each iteration, alongside the region-
merging operation that minimizes total latency increase, we
introduce an additional optimization step: for each unassigned
site-region pair (s;,ry), we compute the potential latency
reduction from assigning s; to 7, then implement the most
beneficial assignment. This process repeats until no further
beneficial assignments exist, yielding an optimized partition
that satisfies multi-announcement constraints. To maintain
solution quality, we prevent premature multi-announcement
operations when regions are too small, as early application
could lead to region domination and degraded performance.
The procedure maintains polynomial-time complexity, as each
assignment evaluation requires only polynomial-time compu-
tations relative to the problem size.

In Algorithm 1, each iteration performs region merging by
selecting candidate regions 7; and 7; to minimize the objective
function increase, creating r; < r; Ur; and updating site-to-
region mappings as S2R(s,r) < S2R(s,r;) V S2R(s,r;)
for all s € S. The extended version (Algorithm 2) handles
multi-announcement scenarios through a two-phase approach:
(1) an initial merge phase (lines 2-3) generates an ¢-partition
without multi-announcement, followed by (2) an optimization
phase (lines 4-5) that strategically flips S2R(s,,r,) mappings
from O to 1 to maximize objective improvement. This phased
approach maintains polynomial-time complexity while pre-
serving solution quality, with the second phase iterating until
convergence by selecting optimal site-region pairs (s, ) for
announcement activation.

Algorithm 2: RGA-MA
Input : R,S,U, RTT(u,s), Preference >+,
Output: S2R(s,r), U2S(u, s)
1 Initiate Ry = {r1 = {s1},72 = {s2},...,7m = {sm}}.
2 fort=m,m-—1,....4+1do
3 L Ri—1 = argmin i ; {Obj(Ry7)}, 1<i<j<t
t

4 while 30bj(R}(x,y)) < Obj(R¢) do
5 Re = arg mlnR%(z,y){Obj(Rz(xv y))}
/* Ensure that there exist no r1,r2 € Rj(z,y)
such that 71 Cr2, where Rj(z,y) denotes the
set Ry under the condition S2R(sg,7y)=1. «/

6 Set S2R(s,r) and U2S(u, s) according to R, and Obj(-).

Let R, and R™@ denote the solutions obtained after
phase (1)’s each iteration (lines 2-3) and phase (2) (lines 4-
5), respectively. And ROPT™ and UM represent the optimal
multi-announcement-enabled solution and its corresponding
projection. Following the proof methodology of Theorem 2,
we derive the following key inequalities.

merge . merge 2 . ma . merge

Obj(R{=T) — Obj(RY™) < 7 [Obj (TT*) — Obj(RY*)]

Ob_](\I}:‘nd) _ Obj(R;nerge) < Obj(ROPTfma)

Considering lines 4-5 of Algorithm 2, we establish that
Obj(R™) < Obj(R,;"*°), which consequently preserves the
inequality Obj(R™)—Obj(R.m) < Obj(Ry ) —Obj(Ry,).
While multi-announcement enables potentially better optimal
solutions, Algorithm 2 maintains the same O(log(m —¢)) ap-
proximation ratio as Algorithm 1, demonstrating its theoretical
robustness.

C. Solving LMARP

In this section, we incorporate country-aware constraints
into our formulation, culminating in the complete optimization
framework presented as Program 1. This extended model
maintains all the characteristics of the previous problems while
enforcing geographical compliance through explicit country-
aware restrictions, thereby providing a comprehensive solution
to the original problem with real-world deployment consider-
ations.

Compared with Algorithm 2, we make two changes in terms
of the initial solution and the total latency calculation. First,
taking each site as an independent region in the beginning
would violate the site-country constraint. We initialize the
solution as the set of sites in each country. So, the correspond-
ing constraint will always be satisfied. Second, the previous
total latency calculation function Obj(-) does not consider the
client-country constraint. We replace it with a new one Obj°(-)
and the calculation function can be aligned with the corre-
sponding constraint. Note that the algorithm introduces two
new output variables: SC2R(c,r) for site-country constraints
and UC2R(c,r) for client-country constraints.

Building on the optimization framework from Section III,
we incorporate country constraints by defining country-
specific site and client sets S, and U,.. These enforce that: (1)
all sites in S, must be contained within a single region, and (2)
all clients in /. must connect to a single region. To guarantee
satisfaction of constraints (1d) and (1f), we initialize the
solution with country-level site groupings {S. : ¢ € C} rather
than individual sites, preserving these constraints through-
out all merge and multi-announcement operations. For client
assignments, we formulate a constrained objective function
Obj°(-) that explicitly accounts for (le) and (1g).

Algorithm 3: RGA-MA-C (ReOpt)
Input : C,R,S,U, RTT(u,s), Preference >
Output: S2R(s,r), U2S(u, s), SC2R(c,r), UC2R(c, )
1 Initiate Rp = {r1 = {S¢; },r2 = {Sen}r---,7p = {Se, } }-
2 fort=m,m—1,...,£+ 1 do B
3 L Ri—1 = argmin . ; {Obj¢(Ry7)}, 1<i<j<t
t

4 while 30b5°(R}(z,y)) < Obj°(R,) do
5 L Re = arg mlnRZ(z,y){Objc(Rz(a:’ y))}

6 Set S2R(s,r), U2S(u, s), SC2R(c,r) and UC2R(c, r) according
to R¢ and Obj€(-).

Algorithm 3 extends the previous approach with country-
aware constraints. It initializes with a solution {Se¢y, }} _, (line
1) to satisfy constraints (1d) and (1f), then performs operations
similar to Algorithms 1 and 2 but using the constrained



objective function Obj°(-) (lines 2-5), ensuring compliance
with (le) and (1g). The projection function II(-,-) inherently
preserves country constraints without modification. Crucially,
Theorem 2’s analysis applies to this extension, maintaining
both the O(log(p — ¢)) approximation ratio and all country-
aware constraints.

V. EVALUATION

In this section, we use real-world experiments on the anycast
testbed to evaluate ReOpt.

A. Setup

We leverage two public measurement platforms: RIPE
Atlas [23] for global vantage points and the PEERING
testbed [21] for controlled anycast experimentation.

RIPE Atlas is a global measurement infrastructure comprising
over 10,000 geographically distributed probes, each capa-
ble of performing periodic predefined measurements. Each
probe’s location (latitude, longitude) is publicly documented.
We leverage RIPE Atlas’s custom measurement capability
to conduct DNS queries, ping tests, and traceroutes. Our
study utilizes all 5,092 active probes spanning 137 countries.
However, RIPE Atlas has a well-documented geographic bias,
with most probes concentrated in Europe and North America.
This uneven distribution could skew performance evaluations
of regional anycast by over-representing these regions. To
mitigate this bias, we analyze results by geographic region and
present performance metrics separately for each region: (1)
EMEA (Europe, Middle East, and Africa) has 3,626 unique
probes. (2) NA (North America, excluding countries in Central
America) has 804 unique probes. (3) LatAm (South America
and countries in Central America) has 125 unique probes. (4)
APAC (Asia and Pacific) has 537 unique probes.

The PEERING testbed enables researchers to inject BGP
announcements into the global Internet routing system. It
integrates Verfploeter [19] to measure catchment areas per
anycast site and determine client preferences. With 14 oper-
ational sites and the ability to announce two /24 IP prefixes,
we leverage PEERING to conduct a controlled comparison
between traditional anycast and ReOpt-optimized regional
anycast performance.

Benchmark Schemes: We evaluate three commercially de-
ployed regional IP anycast services [18] as performance
baselines in our study: Edgio-3 (EG3), Edgio-4 (EG4),
and Imperva-6 (IM6). EG3 spans America (North and
South), Asia-Pacific (APAC), and Europe-Middle East-Africa
(EMEA). EG4 covers North America, South America (as
separate regions), APAC, and EMEA. IM6 encompasses the
United States, Canada, South America, APAC, EMEA, and
Russia as distinct operational regions.

Data Imputation: While our methodology enables measure-
ment of round-trip times (RTTs) between any client-site pair
and can determine client preferences for any pair of sites, two
key limitations persist: (1) incomplete RTT measurements due
to testbed constraints, and (2) partial preference data that may
not form a complete or consistent total order across all sites for

a given client. In this section, we present our data imputation
strategy to address these gaps and describe the subsequent
processing steps to derive a robust total preference order
for analysis. For the first limitation, we employ a geospatial
estimation approach based on established Internet latency-
distance relationships. Following the methodology of [24], we
approximate RTT values between clients and sites using their
geographical great-circle distances.

RTT ~ geo-dist 9= geo-dist (km) ) 1000ms7
2¢/3 1 x 105(km/s) 1s

where ¢ ~ 3 x 10° (km/s) is the velocity of light. For
the second limitation, we begin by modeling each client u’s
measurement results as a round-robin tournament between all
site pairs. For every pair of sites (i,7), we assign binary
outcomes: if client u prefers site ¢ over j, we record this as “%
defeats 57 with corresponding scores of +1 for ¢ and —1 for
7. When measurement data is unavailable for a pair, we treat
it as a draw (0 points for both sites). This process generates
a complete scoring matrix for each client-site combination.
Next, we rank all sites based on their aggregate scores, which
would produce a strict total order if the data were complete
and consistent. In cases where sites have identical scores
(indicating either missing data or true equivalence), we break
ties using the measured RTTs from client w to the sites
in question. This two-stage sorting mechanism — first by
preference scores, then by latency — ensures we derive a
deterministic total preference order for each client.

B. Performance Comparisons

We establish geographically partitioned regions as our base-
line using measured configurations from Edgio-3, Edgio-4,
and Imperva-6 [18], generating ReOpt-optimized partitions
with matching region counts for direct comparison. Unlike
the baseline’s strict geographical boundaries, ReOpt employs
a flexible partition strategy tailored for performance optimiza-
tion, as illustrated in Figure 2. In the 3-region partition, ReOpt
splits America into North and Mid-South, merging the latter
with Africa, India, and other discrete blocks into Region 1,
while combining Australia (separated from APAC), North-
East Europe (from EMEA), and North Asia (from APAC) with
North America to form Region 2, and merging Southeast Asia
(from APAC) with the remaining EMEA as Region 3. The 4-
region partition follows a similar structure but separates part
of South America, South Africa, and India from Region 1 into
an independent Region 4. For the 6-region partition, Europe
splits into West and East as independent regions, with Canada
joining South America and Russia merging into East Europe,
unlike IM6 where they were standalone regions. The figure
also visually highlights sites that adopt a multi-announcement
strategy, such as the Madrid site, which announces prefixes for
both Region 2 and Region 5 (as shown in Figure 2c), enabling
a single site to serve multiple regions simultaneously while
enhancing coverage and allowing finer-grained traffic control
across region boundaries.

To evaluate ReOpt’s effectiveness, we compare its
performance-optimized partitioning against the baseline’s rigid
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Figure 3: CDFs of RTT for Edgio-3, Edgio-4, Imperva-6 and ReOpt-optimized regional anycast partitions.

geographical strategy, using RTT as the key metric. Figure 3
shows RTT improvements across ReOpt’s 3-, 4-, and 6-
region configurations, with the 90th percentile RTT reduced
by 4.6 ms (3-region), 5.4 ms (4-region), and 5.2 ms (6-
region) compared to their baseline counterparts. These gains
highlight ReOpt’s ability to mitigate latency regardless of
region granularity. While improvements in EMEA and NA are
modest, APAC and LatAm see significantly larger reductions:
the 90th percentile RTT drops by 33.7% (3-region), 51.4%
(4-region), and 54.6% (6-region) in APAC, and by 50.9% (3-
region), 52.2% (4-region), and 54.8% (6-region) in LatAm,
underscoring the advantages of performance-aware partition-
ing. These results demonstrate that ReOpt effectively addresses
performance inefficiencies in regions where traditional anycast
configurations fall short, particularly in geographically dis-
persed or underserved areas. The findings highlight the critical
role of adaptive, performance-driven partitioning in enhancing
regional anycast performance, proving that rigid geographical
boundaries are often suboptimal for latency optimization.

C. Deep Dive to the Improvements

This section analyzes the performance advantages of ReOpt
over traditional partitioning methods through an in-depth ex-
amination of the ReOpt-6 configuration. As demonstrated in
Figure 4, ReOpt-optimized regional partitioning significantly
improves both client-to-site distances and RTTs compared to
conventional continent-based Imperva-6 (IM6). Our results
reveal a strong positive correlation between clients achieving
reduced physical distances and those experiencing latency im-
provements under ReOpt. Notably, 23.6% of all clients connect
to geographically closer sites in the optimized scheme, with
particularly significant gains in the APAC and LatAm regions:
21.4% and 24.6% of regional clients respectively benefit from

reduced distances, translating to substantial latency improve-
ments of 83.4 ms (APAC) and 93.6 ms (LatAm) on average.
These findings demonstrate ReOpt’s ability to overcome the
limitations of coarse-grained geographical partitioning through
its performance-aware optimization approach.

The performance gains achieved by ReOpt originate from its
novel partitioning strategy, which: (1) clusters clients with their
empirically observed lowest-latency sites, and (2) strategically
aggregates countries only when doing so preserves routing
quality for all affected clients. Unlike traditional geographic
approaches, ReOpt optimizes directly for measured network
performance rather than physical proximity, sometimes pro-
ducing geographically non-intuitive but latency-optimal group-
ings. For instance, while the grouping of Australia with the
United States (shown in Figure 2¢) might appear suboptimal
due to potential trans-Pacific latency penalties, our measure-
ments confirm zero instances of Australian clients actually
being routed to US sites. By contrast, conventional continent-
based partitioning (where Australia belongs to APAC) results
in 8.0% (7/87) of Australian clients being routed to Delhi-
based sites, incurring a substantial 165.9 ms average latency
penalty. This demonstrates how ReOpt’s performance-driven
methodology avoids such pathological routing cases that occur
in traditional geographic schemes.

To evaluate path inflation, we measure the additional dis-
tance clients traverse under different partitioning schemes.
Figure 4c demonstrates that ReOpt achieves significantly more
efficient client-to-site routing: 78.7% of clients connect to
their geographically closest site — a 16.0 percentage point
improvement over traditional partitioning. Notably, ReOpt
nearly eliminates extreme path inflation (>4000 km) for APAC
clients (1.3% vs. 11.4% under traditional schemes). These
results highlight a fundamental architectural difference: while
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conventional geographic partitioning minimizes tail latency by
restricting clients to regional sites — often forcing suboptimal
intra-region connections — ReOpt’s design simultaneously
reduces both extreme path inflation and tail latency through
its intelligent client-site matching strategy.

D. Large-scale Simulations

In this section, we conduct simulations using randomly
generated data to evaluate our algorithms’ solution quality
and runtime performance. We employ Gurobi [25], a state-
of-the-art convex optimizer, running on an Intel i5-12400F
CPU with 32GB RAM. Our experimental setup consists of 30
countries, a target of 3 regions, and randomly generated RTT
and preference matrices. Client and site counts are detailed
in Table II, with clients and sites (if |S| > |C|) randomly
distributed across countries. We benchmark ReOpt against the
offline optimal solution (OPT) computed by the solver, with
results presented in the following.

Table II: SIMULATION RESULTS

(Number of Sites, Number of Clients)
(10, 200) | (30, 1000) (200, 5000)
Total ReOpt 73.69 s 446.26 s 37.78 min
RTT OPT 70.88 s 493.24 s Out of Memory
Running | ReOpt 0.70 s 9.10 min 8.49 h
Time OPT 243 h >24h Out of Memory

Table II demonstrates ReOpt’s performance in terms of
solution quality and computational efficiency. The upper half
reveals that our approach achieves excellent RTT results,
particularly in the (10, 200) case. The lower half shows
ReOpt’s superior runtime performance, solving the same (10,
200) instance in under 1 second compared to OPT’s 2.5 hours
— a difference attributable to OPT’s computational complexity
from nonlinear O-1 integer constraints (Egs. (1¢)-(1g)). Scaling
analysis reveals an important efficiency characteristic: while
problem size grows proportionally (e.g., % < %), runtime
increases sub-linearly (9'01‘%15“1 > fiégﬁn). We infer that it
occurs because when |S| > |C|, runtime depends primarily on
|| rather than |S|, as |C| bounds site-related computations.
Consequently, ReOpt maintains high efficiency even for large-
scale problems, making it practical for real-world deployment.

VI. RELATED WORK

We review the prior arts on anycast and partition problem.
Global anycast and regional anycast. Prior work has exten-
sively studied IP-layer anycast deployment and performance,

with particular focus on root DNS servers [1], [4], [5], [6],
[71, [8], [9], [26], [27], [2], [28] and global CDNs [29], [2],
[28]. Recent advances in regional anycast include LinkedIn’s
reported latency improvements through private CDN migra-
tion [13] and Zhou et al.’s systematic analysis of deployment
strategies and optimization opportunities [18]. While existing
approaches like Zhou’s rely on geolocation-based partitioning,
our work fundamentally differs by constructing regions based
on direct latency measurements rather than geographical prox-
imity, enabling more accurate performance optimization.

Partition optimization. Our problem can be framed through
the lens of facility location theory by mapping ‘“customer-
facility” relationships to “client-site” interactions. Existing
work on Facility Location Problems (FLP) offers valuable
algorithmic insights: foundational studies have developed
constant-factor approximation algorithms using LP rounding
[30], dual-fitting [31], factor-revealing LP [32], primal-dual
methods [32], and local search [33]. These approaches extend
naturally to the k-median problem, whose Lagrangian relax-
ation reduces to FLP [32], with [32], [33] providing theoretical
guarantees for such extensions. Notably, [34] introduces a re-
verse greedy algorithm achieving bounds between Q(lolgofo Z;n)
and O(logn). However, our LMARP introduces unique chal-
lenges: the distance metric incorporates multidimensional net-
work characteristics beyond geometric distance, and clients
within a single region may connect to multiple sites (unlike
traditional FLP/k-median assignments where cluster elements
share a single facility). These constraints necessitate novel
partitioning strategies that account for heterogeneous client-
to-site mappings while preserving theoretical guarantees.

VII. CONCLUSION

This paper presents a novel approximation algorithm de-
signed to minimize total RTT in regional IP anycast systems.
We establish three key contributions: (1) the development
of a polynomial-time algorithm with provable approxima-
tion guarantees, (2) comprehensive theoretical analysis of its
performance bounds, and (3) empirical validation through
both real-world PEERING testbed experiments and trace-
driven simulations. Our evaluations demonstrate significant
improvements in total RTT compared to existing approaches
while maintaining computational efficiency competitive with
optimal solutions.
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