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Abstract g g

Most data centers today operate at scales much smaller than se e e
hyperscalers, i.e., hosting only hundreds to a few thousand ‘% : :
servers, yet their design has received disproportionately little $ 90000 g =]
attention in the literature. Leaf-spine is nearly ubiquitous in EEsS=E2Ss e g
small-scale data centers, but presents a fundamental tradeoft: = = = = == =' =
provisioning full non-blocking capacity is costly, while (a) Leaf-spine (indirect topology) (b) A direct topology

oversubscription reduces cost but under-serves bursty, skewed
workloads. Recent expander-based designs could, in theory,
offer better performance but face substantial deployment
hurdles, including lacking a practical routing scheme.

We introduce Starfish, a topology-routing co-design tailored
to small-scale data centers, that delivers high performance,
fault tolerance, and ease of deployment. Starfish’s topology,
DRing, increases per-server egress capacity by spreading
servers across all switches, reduces latency—even under failure
scenarios—by exposing diverse near-shortest paths, and eases
deployment by organizing switches into uniform blocks.
Starfish’s routing leverages structural properties of DRing and
effectively adapts to traffic patterns using standard hardware
and protocols. Notably, Starfish’s routing also generalizes to
expander-based topologies.

Evaluation shows that Starfish supports 56% more traffic on
average than leaf-spine built with the same equipment across
real-world traces. This demonstrates that small-scale data
centers today can realistically achieve higher performance
with their existing equipment. Starfish’s routing also enables
an expander-based design to support 52% more traffic on av-
erage than leaf-spine. More broadly, this work takes a first step
towards a distinct design space for small-scale data centers.

1 Introduction

Most data centers are small-scale, consisting of tens to a few
hundred racks and hundreds to a few thousand servers, and they
power a large fraction of today’s economy. This scale is preva-
lentin (i) enterprises’ private data centers, which run about 45%
of all enterprise I'T workloads as of 2024 [81]; (ii) edge clouds,

Figure 1: A direct topology can mask oversubscription.
Leaf-spine (1a): 4 servers and 2 network links per rack (1/2
network link per server). Direct network (1b) built with the
same hardware: 3 servers and 3 network links per rack (1
network link per server).

whose market size is projected to reach $29.6B in 2028 [59];
and (iii) Internet exchange points. Despite their prevalence
and importance, small-scale data centers have received
disproportionately little attention in the literature compared
to hyperscale data centers operated by a handful of the largest
service providers. Lacking further research, operators typically
build leaf-spine networks [8], in which leaf switches (also top-
of-rack (ToR) switches) and spine switches interconnect with a
complete bipartite graph (Fig. 1a). To keep costs low, these data
centers are often built with high oversubscription—sometimes
higher than their large-scale counterparts [15]-and the leaf-
to-spine bandwidth cannot sustain the traffic that servers could
collectively generate, leading to performance degradation.

This paper investigates a simple question: Is there a topology
design for small-scale data centers that can realistically deliver
higher performance than leaf-spine while also offering strong
fault tolerance and deployability?

At first glance, such a design may seem unlikely to ex-
ist. Known alternative topologies either suffer the same cost-
oversubscription tradeoff as leaf-spine, or underperform at
small scale, or face fault tolerance and deployment challenges.
Leaf-spine, and more generally Clos networks [10], are indi-
rect topologies [9]: some switches are only directly connected
to other switches. They must either pay the cost of provisioning
sufficient uplink capacity to stay non-blocking, which is expen-
sive, or accept ToR oversubscription, which degrades perfor-
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mance when servers transmit concurrently. Direct topologies
avoid some of this tension by having all switches directly con-
nected to servers: each ToR is attached to fewer servers and
ToR switches can be used for both uplink and transit traffic.
However, direct topology designs today fall short for other rea-
sons. Dragonfly [46], common in high-performance comput-
ing, is designed for hundreds of thousands to millions of servers
and is intentionally built with longer paths and long-distance
global links. The long paths increase latency and bandwidth tax,
leading to low performance, especially at small scales. More-
over, failures of global links cause disproportionate perfor-
mance degradation [18]. Expander-based, low-diameter high-
expansion topologies (e.g., Jellyfish [78], Xpander [82], Slim-
fly [18]) promise high performance in theory but face potential
deployment disadvantages e.g., wiring complexity and diffi-
culty expanding over time without excessive rewiring. Some
topologies also enforce strict parameter constraints so that no
feasible configuration exists at small scale [52]. More criti-
cally, beyond topology design, routing poses a major deploy-
ment barrier: there is no ready-to-deploy, high-performance
routing solution for topologies other than multi-rooted trees
like Clos. Topology defines the network’s capabilities, which
can only be realized under appropriate routing. Unfortunately,
equal-cost multi-path (ECMP) uses only the shortest path,
leaving two directly connected racks with only one single path
to use in direct topologies. Other routing proposals either re-
quire special hardware (e.g., optical [60] or programmable
switches [12,30,45], flow control support [90]), demand end
host modifications [16,31,38,86], or fail to balance path length
and path diversity and thus perform poorly under dynamic traf-
fic patterns [19,48,50,92,95]. The lack of performant, deploy-
able routing can deter small-scale data centers from adopting
non-Clos-like topologies altogether. In fact, these observations
may pointto a trilemma: existing designs fail to simultaneously
achieve performance, fault tolerance and deployability.

In this paper, we propose Starfish, a topology-routing co-
design tailored to small-scale data centers that achieves high
performance, fault tolerance and deployability. Starfish lever-
ages the observation that at small scales, paths are naturally
short, leaving some latency margin that allows one to use
slightly longer paths to improve fault tolerance and deploy-
ability without noticeably affecting performance. Starfish’s
topology, DRing, distributes servers across all switches (i.e.,
is direct), reducing rack-level oversubscription—to half of leaf-
spine (Fig. 1b)—and alleviating congestion for bursty, skewed
traffic. Moreover, DRing creates abundant equal-cost near-
shortest paths, yielding strong performance under both skewed
and uniform traffic and under random failures. Finally, DRing
organizes switches into uniform blocks for ease of packaging,
co-placement, wiring and expansion. Meanwhile, Starfish’s
routing leverages the correlation in DRing where a pair of racks
that are more distant (i.e., with longer shortest paths) also have
more shortest paths available and vice versa, effectively balanc-
ing pathlength and path diversity. Starfish hedges against future

traffic variations by spreading traffic across many paths and
leaving link capacity headroom. Starfish’s routing is deploy-
able with off-the-shelf hardware and standard protocols. No-
tably, the routing generalizes beyond DRing to other topologies
that satisfy the same correlation, providing a practical routing
option even for expander-based topologies. For instance, Jelly-
fish [78] at small scale empirically satisfies this correlation too.

We evaluate Starfish in an htsim-based packet-level
simulator [69] with real-world traffic traces from a university
data center, a private enterprise data center [15] and three
clusters at Meta [70]. Results' show that Starfish supports 56%
more traffic on average across the five traces than a leaf-spine
network constructed using the same equipment while keeping
the tail latency at bay. Even Starfish with just traffic-oblivious
weight assignment supports 33% more traffic than leaf-spine.
Notably, Jellyfish, using Starfish’s routing, supports 52% more
traffic than leaf-spine too. Furthermore, Starfish is shown to
be resilient to random link and switch failures and perform
well at various sizes at small scale.

Overall, we see three key impacts of our work. First, to the
best of our knowledge, this is the first work that demonstrates
that small-scale data centers can achieve substantially
higher performance than leaf-spine using existing enterprise
networking gear. Second, our results highlight that small-scale
topology design is an important research area distinct from
large-scale design, where most recent work has focused. New
designs delivering higher performance, fault tolerance and/or
deployability may await discovery, and we hope this first
work will lead to further efforts. Third, this work addresses
a key deployment barrier for expander-based topologies by
providing a high-performing, ready-to-deploy routing design.

2 Motivation

In this section, we highlight a key insight from the literature:
performance, fault tolerance, and deployability seem to
form a trilemma, as no known topology achieves all three
simultaneously, and motivate the need for topology-routing
co-design (§2.1). We then discuss why small-scale networks
may offer an opportunity to sidestep this trilemma (§2.2).

2.1 Navigating the Design Trilemma

Topology designs form the foundation of data center intercon-
nects and have long been a topic of research. A good topology
should deliver high performance, fault tolerance and deploy-
ability. However, we observe that no existing work has so far
managed to achieve all three, effectively creating a trilemma
which we illustrate in Figure 2. We first motivate the three
requirements before explaining how existing work falls short.
High performance. Data center traffic is diverse and challeng-
ing. Skewed, bursty traffic is increasingly common [15,70] and
diverse applications [14,15,32,70] induce different bottlenecks

! Artifacts are available at ht tps: //github.com/AnnZhouCcc/Starfish.
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Figure 2: Existing work fails to achieve high performance,
fault tolerance and deployability simultaneously. Instead,
Starfish targets a specific point in the design space (i.e.,
small-scale data centers) that sidesteps some of the tensions.
Each colored triangle corresponds to a topology. Figure shown
for illustration only (not to scale).

in the network [22, 46, 47]. The topology needs to support
high throughput and low latency under any traffic. Short paths
alleviate fabric congestion under uniform traffic and low over-
subscription alleviates rack congestion under skewed traffic.

Fault tolerance. Failures are common in data centers [34].
Critically, the topology needs to retain its high performance
even under random link and switch failures. A fault-tolerant
topology typically exposes multiple similar-length paths for
any pair of nodes such that taking out any link or switch will
not cause disproportionate damage to performance.

Deployability. Construction, wiring and expansion complexity
have been a barrier for adopting alternative topologies [62,91]
(in addition to the lack of practical routing schemes, which will
be discussed later in the section). Hence, the topology needs
to support flexible construction without excessive parameter
constraints, and blocks of packaging and co-placement for
ease of wiring and expansion [91].

To better understand how these requirements induce a de-
sign trilemma, let us consider some well-known topologies
and investigate how they sacrifice at least one of the afore-
mentioned desiderata. Clos [10, 55] and Clos-like topolo-
gies [6,31,57,63,75] have been widely adopted in data cen-
ters for deployability and fault tolerance. However, these tree-
like topologies suffer from low performance, especially with
skewed, bursty traffic (Fig. 14). This is because Clos is an in-
direct topology [9], where some switches are only directly
connected to other switches, resulting in higher ToR over-
subscription (Fig. 1). Nevertheless, direct topologies are not
perfect either. For instance, Dragonfly [46], popular in high-
performance computing [27], achieves better performance with
skewed traffic but relies on “inter-group” global links that sig-
nificantly impair its fault tolerance (Table 3 in [18]). Dragonfly
also yields longer paths, increasing latency and network re-
sources required to transmit per unit traffic (i.e., the bandwidth
tax) (Fig. 14). More recent topologies [18,20,51-53,78,82,89]

construct direct, expander-based topologies, which enable high
performance and fault tolerance. However, they suffer from
deployment disadvantages e.g., wiring difficulties ( [37], Fig.
9,10 and Table 7in [91]). §7.1 presents a more comprehensive
literature review on topology designs that verifies our trilemma.

In practice, performance, fault tolerance, and deployability
cannot be guaranteed by the topology alone, motivating the
need for topology-routing co-design. Topology defines a
polytope for what is possible, while routing determines which
point on the polytope is actually realized. For some topologies,
good routing is straightforward, e.g., equal-cost multi-path
(ECMP) works well in leaf-spine and other Clos networks
because the topology’s symmetry results in many equal-length
shortest paths. But for other topologies, especially direct ones,
routing is more challenging: each switch has servers attached,
so each switch-to-switch link [A,B] results in a single shortest
path between A’s servers and B’s servers. To utilize more than
that one path, routing must exploit the topology’s near-shortest
alternative paths. Furthermore, routing must perform well
for different traffic patterns—skewed or uniform—which have
different preferences in path selection (more diverse, longer
paths vs. fewer, shorter paths), and must effectively handle
traffic variations over time [12, 60, 61, 74]. Finally, routing
must rely only on standard hardware and protocols (e.g., BGP,
OSPF, VRE, TCP) for ease of deployment in small-scale data
centers. In fact, we show in §7.2 that existing routing schemes
fall short in addressing these challenges.

2.2 The Case of Small-Scale Topologies

While the tension among performance, fault tolerance and
deployability is difficult to navigate in general, small-scale
data centers present a unique opportunity of latency margin
that allows us to sidestep some of the tensions. Specifically,
paths are naturally shorter, and hence small-scale data centers
could afford a few additional hops for some node pairs without
incurring high average path lengths or degrading performance,
creating a margin in path length that can be exploited for
fault tolerance and deployability. This opportunity is of
particular importance in light of the prevalence and critical
role of small-scale data centers today [59, 81]. However,
taking advantage of the path length margin is nontrivial. First,
naively transplanting topologies designed for large-scale
deployments to small scale does not suffice: some are simply
infeasible at small scales due to parameter constraints (e.g.,
PolarStar [52]), and others continue to face performance or
operational challenges even after scaling down. Worse, some
topologies create new challenges at small scales. For example,
fat-tree retains shortest paths of up to 4 hops” at the small scale,
consuming much of the margin that small-scale deployments
could otherwise repurpose. Dragonfly faces similar challenges.
Furthermore, it is not straightforward to resolve the trilemma

>The hop count includes only switch-to-switch hops and discounts
server-to-switch hops.
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with simple adaptations of existing topologies. Improvements
along one dimension (e.g., reducing oversubscription, shorten-
ing paths, or simplifying construction) often degrade another
(e.g., by increasing wiring complexity, reducing path diversity,
or introducing inflexible structures). Therefore, small-scale
topology design constitutes a distinct space of its own.

3 Overview

This section introduces Starfish’s topology-routing co-design
and highlights the insights behind it.

3.1 Starfish’s Topology: DRing

Topology construction. DRing is organized around a
two-level structure: At the top level, we define a supergraph on
m cyclically numbered vertices (supernodes), where vertex (i)
is connected to vertices (i+ 1) and (i+2) (mod m) (Fig. 3a).
At the lower level, each supernode contains n ToR switches
(Fig. 3b), and every pair of ToR switches lying in adjacent
supernodes has a direct link in the topology i.e., each superlink
connecting two supernodes is in fact n> ToR-to-ToR links.

Three characteristics allow DRing to achieve performance,
fault tolerance and deployability simultaneously. First, servers
are distributed across all switches, reducing ToR oversubscrip-
tion to half of leaf-spine constructed with the same hardware
(§4.1), hence alleviating congestion for bursty, skewed
traffic. Furthermore, DRing connects every pair of adjacent
supernodes with a complete bipartite graph, yielding many
disjoint paths between the two supernodes. Meanwhile, the
double-ring enhances distance-2 neighborhood connectivity,
thus reducing path lengths and offering rich near-shortest
routing alternatives. This symmetry and path diversity create
opportunities for routing to improve performance for both
skewed and uniform traffic, and stay resilient under random
failures (§4.2). Finally, to address deployability, DRing
organizes racks into natural units of co-placement and
packaging, i.e., blocks [91]. This block-based design makes
the cabling layout cleaner and allows links from a block to be
bundled and neatly routed to another block (§4.3).

DRing specifically targets small to moderate deployments.
Path lengths scale with the supergraph size, which in turn
scales with the number of servers and switches. At large scale,
long paths increase latency and bandwidth tax. But at small
scale, paths remain short and DRing performs well (§4.4).

3.2 Starfish’s Routing

To leverage these topology characteristics, we co-design
Starfish’s routing with the topology. Figure 4 illustrates
Starfish’s routing. As in prior work [17,50], we split routing
into two interrelated sub-problems: path selection and weight
assignment. Starfish’s routing exposes DRing’s path diversity
through a novel scheme, shortest-union-K (SU-K), that
enables forwarding over all shortest paths and near-shortest

(a) DRing supergraph (b) DRing supernode
Figure 3: DRing construction: Each supernode in the super-
graph (3a) consists of multiple ToRs (shown in 3b). Any pair of

ToRs lying in neighboring supernodes are directly connected.

(@ Periodically report traffic
P @ Make routing decision Central
Controller

‘ T 1::;;4
' ‘ Traffic Collector
0\ /S o tr .

~=- e \ .

@ Install path/ - Y v
& weights ‘*i—lﬁ/’/' Weight Optimizer
o
,

\
-

Figure 4: Workflow of Starfish’s routing.

paths with a K-hop cap. A central controller periodically (at
the granularity of tens of minutes) collects traffic demands
from all ToRs, computes the weight assignment based on the
SU-K path set, and distributes the weights back to the ToRs.
Path weights default to an equal split in the event of controller
failure or extremely high traffic variability.

Next we summarize how Starfish addresses the aforemen-
tioned routing challenges. First, SU-K leverages the correlation
between the number of shortest paths and the shortest path
length for a rack pair in DRing, and makes use of non-shortest
paths only when the rack pair lacks sufficient shortest paths
between them (§5.1), effectively controlling path length
inflation while leveraging path diversity. Starfish also explic-
itly distributes traffic broadly when computing the weight
assignment, creating link capacity headroom to accommodate
future traffic variations (§5.2). Finally, SU-K is equivalent
to shortest path routing on a transformed graph implemented
with VRFs (Virtual Routing and Forwarding, a common
feature on data center switches), ensuring loop-free operation.
Starfish’s routing is thus deployable using BGP on standard
hardware (§5.1), with a basic coarse-grained SDN-style (or
“intent-based”) controller that is common today [1,2,7,66,75].

4 Topology Design

This section explains how DRing achieves high performance
(§4.1, §4.2), fault tolerance (§4.2) and deployability (§4.3), and
discusses impacts of scale and heterogeneous switches (§4.4).

4.1 Reduced Oversubscription

Oversubscription results in bottlenecks at the ToR, or rack
congestion, when large volumes of traffic need to enter or leave
a rack simultaneously, a common scenario under bursty or
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skewed traffic. DRing mitigates rack congestion by adopting
a direct topology, in which every switch is a ToR directly
connected both to servers and to other switches (i.e., network
links). This design allows servers to be distributed across all
switches instead of only a subset of them, as in the case of
leaf-spine. This directness, illustrated in Figure 1, reduces rack
oversubscription: each ToR has more network links per server
because each ToR hosts fewer servers and can repurpose the
freed ports as network links. The reduced oversubscription is
especially beneficial for bursts where a rack has a lot of traffic
to send in a short period of time and traffic is well-multiplexed
at the network links (very few racks are bursting at any given
point). The same benefit also applies to skewed traffic.

Next, we formally quantify the oversubscription reduc-
tion in a direct topology relative to leaf-spine. Consider a
topology T and a direct topology F(T') built with the same set
of switches, servers and links. For every ToR, we define Rack
Oversubscription Ratio (OSR) as the ratio of the server-facing
downlink capacity to the network-facing uplink capacity (for
simplicity, we assume uniform link capacity and uniform
server distribution across all ToRs). We define a/(T) as

_ OSR(F(T))
oT)= OSR(T)

Intuitively, the ratio o captures the rack oversubcription reduc-
tion for direct networks, compared to the baseline topology.

We set leaf-spine as our baseline topology. Define
LeafSpine(x,y,a) with x leaf switches and y spine switches
with a ports (a > x > y). Each spine is connected to x leafs;
each leaf is connected to y spines and a —y servers. We have
OSR(T = LeafSpine(x,y,a)) = “5*. For the corresponding
direct network F(T), '

Server ports per switch in F(T)

OSR(F(T))=
(F(T)) a—Server ports per switch in F(T')

xla—y)/(x+y) _ x(a—y)
a—(x(a—y)/(x+y)) y(a+x)

OSR(F(T 1
Thus, (T = LeafSpine(x,y,a)) = (F( )): al <

o for leaf-spine is maximum when a takes the minimum value
of x i.e., when all ports are fully utilized, suggesting that the
rack oversubscription of a direct network is at least reduced
by half compared to leaf-spine. When a = x, the leaf-spine
has o= %, meaning that a direct network enables up fo 2 times
the throughput (or network capacity) of a leaf-spine when the
bottleneck is at the ToRs’. Experiments in §6.2 confirm that
a direct network can come close to having 2x throughput as
the leaf-spine. Furthermore, observe that a can be expressed in
terms of x i.e., a = bx, and we have o0 = ﬁ , meaning that o for
a leaf-spine network is independent of x and y i.e., the number

3Note that oo = 1 for a fat-tree (derived in Appendix 9.1), highlighting
that fat trees are easier to outperform using a direct topology.

OSR(T) ~a+x—2

—— DRing — Jellyfish Dragonfly
E Path Length = 2 Path Length = 3
P 1.01 A1 )
v Vi — |
9]

S 0.51

X

E 0.0‘, i . 1o T T
o 0 1 2 0 10 20

% Links Covered % Links Covered

Figure 5: DRing (with shortest and near-shortest paths) makes
use of more fabric capacity, providing better path diversity than
Dragonfly and coming close to the high-expansion Jellyfish.

of leaf and spine switches. Keeping the number of servers and
number of switch ports constant, if a network has fewer spines
and more leaves, the number of servers per rack is fewer but the
aggregate uplink bandwidth at the ToRs is also smaller. These
two factors cancel each other and hence, o0 remains constant.
This implies that we could expect a direct network to always
at least reduce rack oversubscription by half and achieve up
to 2x more throughput than a leaf-spine built with the same
hardware (the realized throughput gain depends on traffic
pattern). §4.4 discusses how the performance remains strong
with switches in a direct topology having different port counts.

4.2 Path Diversity & Fault Tolerance

Path diversity. Shortest-path distances between rack pairs are
critical for alleviating fabric congestion. In direct topologies,
however, directly connected rack pairs have only one shortest
path, so routing must exploit near-shortest alternatives to
avoid hot spots and improve fault tolerance. Thus, a good
direct topology must keep shortest paths short while also
providing diverse near-shortest paths to utilize fabric capacity
efficiently. DRing delivers this path diversity by incorporating
complete-bipartite superlinks and a double-ring supergraph.
Each superlink connects all ToRs in one supernode to all
ToRs in the other, creating multiple disjoint one-hop paths,
increasing path options between the two supernodes. The
double-ring supergraph connects each supernode to four
neighbors (rather than two in a simple ring), reducing
inter-supernode distances and average path length. Figure 5
reports the percentage of links used by any rack pair with paths
of length <K ,K € {2,3}, across three topologies built with the
same equipment, a simplified approximation for path diversity,
or how effectively shortest and near-shortest paths utilize the
network capacity. DRing provides better path diversity than
Dragonfly with shortest and near-shortest paths.

Failure tolerance. Failures are common in data centers.
DRing is resilient to failures thanks to its ample near-shortest
alternative paths and rack and link equivalence: racks (and
their links) are structurally uniform, and thus removing any
random link or switch will not cause a disproportionate impact
on performance. Figure 6 reports the average shortest path
length under random link failures across four topologies built
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Figure 6: DRing’s performance
(approximated by average shortest
path length) degrades slowly with
random link failures, and exhibits
minimal variance across trials due to
link equivalence.

with the same equipment. DRing degrades slowly, indicated
by the gentle slope, comparable to Jellyfish and markedly
better than Dragonfly. Moreover, DRing exhibits minimal
variance across trials due to link equivalence, indicated by
the minimal error bars. In contrast, Dragonfly has large error
bars, pointing to its heterogeneous link roles, where failures
of global links are more damaging.

4.3 Wiring & Incremental Expansion

Wiring. Ease of wiring is critical for small-scale data centers
to adopt a new topology, as it facilitates the deployment,
maintenance and debugging. DRing incorporates local
clustering and uniform blocks, and lands itself in a good
position for a simple, straightforward cabling scheme (Fig. 7).
First, local clustering refers to a way of organizing the topology
where racks primarily connect to their local neighbors* with
fewer long-distance links, which cuts down on the total
cable length and makes layout more manageable. Moreover,
supernodes form natural units of co-placement and packaging,
or blocks as defined in [91]. Links from a block can be bundled
and neatly routed to another block. More crucially, in DRing,
all switches in the same supernode share identical connections
to other supernodes. Therefore, for ToRs in two adjacent
supernodes connected by a superlink, physically, we can use
two patch panels to simplify the cabling (Fig. 8). All ToRs in
each supernode are connected to their respective patch panel,
and we just need a bundled wire to connect the two patch
panels. In fact, as Figure 7 shows, the supergraph of the DRing
is naturally also a cabling scheme. Each supernode has its
own patch panel, to which all of its ToRs are connected using
individual fibers, and we connect patch panels using cable

bundles in the same way as superlinks connect the supernodes.

Using cable bundles and patch panels significantly reduces
deployment cost and operation complexity [91]. Furthermore,
since DRing has a regular structure, the patch panels and cable

4Neighbors are in the physical sense, not the graphical sense.

Figure 7: DRing’s supergraph naturally
defines a cabling scheme. Each su-
pernode is assigned a patch panel and
patch panels are connected with cable
bundles identical to how supernodes
are connected with superlinks.

O O==

——  Wire (ToR to panel)

04_2{:
Supernode {77774 Patch panel
Bundled wire (panel to panel) O TR Bundled wire
(a) Logical superlink  (b) Physical superlink

Figure 8: Two adjacent supernodes in DRing
are connected by a superlink (72). The cabling
can be simplified by using two patch panels
and a cable bundle (7b). For simplicity, we
illustrate the case when n=3.

......

Patch panel Bundled wire (panel to panel) Wire (ToR to panel) ToR Suprenode
Figure 9: A DRing topology can be built incrementally by
adding supernodes. A supernode can be added in a modular
manner in two phases to minimize disruption.

bundles needed are largely uniform. Singular cable bundle
types further reduce operation and cabling complexity [91].

Incremental expansion. The block-based design of DRing al-
lows expansion by incrementally adding supernodes. Figure 9
illustrates how a supernode is added to a DRing topology origi-
nally with seven supernodes in a modular way. In phase one, we
add the additional ToRs in the new supernode and wire the bun-
dles accordingly (the elements in orange). In phase two, we re-
move the two green wire bundles. The two-phase process mini-
mizes disruption to existing traffic and allows an initial DRing
topology to be put into service first and be expanded over time.

4.4 Deployment Considerations

Impact of scale & high-radix switches. DRing performs
particularly well for small-scale data centers, but its perfor-
mance degrades when it has to increase the supergraph size
to support more servers, which increases the average path
lengths. When scaling a DRing topology by adding more racks
to a supernode, the supergraph size remains unchanged, paths
remain short and DRing remains high-capacity. However, it
is not always feasible to increase the number of switches per
supernode as we scale up DRing. Assume the maximum port
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count on a switch is p, as restricted by hardware. If we have
n switches per supernode, each switch in DRing connects to
4n other switches in neighboring supernodes, leaving only
p —4n ports for connecting servers (n < g). This means that
we cannot keep scaling DRing by adding more switches per
supernode as 7 is bounded by hardware constraints. At some
point, we need to scale by adding supernodes, which increases
the supergraph size and thus path lengths. As a result, DRing’s
performance deteriorates (see experiment results in §6.4).
However, at small scale that is our focus, we can reap the
benefit of DRing with a reasonably small supergraph size.

Notably, the emergence of high-radix switches (e.g.,
NVIDIA Spectrum Ultra X800 [64], Broadcom Tomahawk
6 [21] with 512 ports) could make DRing performant at much
larger scales. Specifically, higher port counts allow larger
supernodes, which in turn keep the supergraph small and the
average path length short even as the network size scales out.
Impact of heterogeneous switches. DRing can benefit from
using some higher-radix switches, much like how leaf-spine
can leverage higher-radix switches at the spine. One way is
to distribute servers across all switches proportional to their
port counts. This way, the corresponding DRing topology—and
more generally any direct network—still reduces rack over-
subscription by half (derivation in Appendix 9.2). Another
way is to modify the vanilla DRing topology to make use of
the additional ports. Consider a DRing topology in which
each supernode contains x racks. Assume 2x higher-radix
switches are available, each providing x more ports than the
base switches. We can group the 2x higher-radix switches into
two supernodes and use the additional ports to instantiate one
more superlink between the two supernodes. As a result, racks
in these two supernodes each gain x more network links.

5 Routing Design

Shortest-Union-K (SU-K) leverages structural properties of
DRing and selects a set of paths for each rack pair to route traf-
fic (§5.1). SU-K is deployable with off-the-shelf hardware and
standard protocols (§5.1), and it already yields decent perfor-
mance with simple equal-split path weights. To further extract
the performance benefits out of DRing, we propose a weight
assignment scheme that assigns path weights adaptively with
traffic, based on the pre-selected SU-K-based path set (§5.2).

5.1 Path Selection: Shortest-Union-K

For direct topologies, the default shortest path scheme is valu-
able when traffic is very uniform. But using only shortest paths
is insufficient in general. Directly connected rack pairs have
only one shortest path, so routing must exploit near-shortest
alternatives that the topology offers. However, using non-
shortest paths necessarily increases average path lengths. This
requires the path selection scheme to resort to non-shortest
paths for a rack pair only when its shortest paths are limited.

VRF (k-1)

VRF k

Figure 10: Shortest path routing in the VRF graph. Links are
annotated with their costs. Links with arrows have different
weights for forward and reverse links. Each router constitutes
one AS for BGP. Not all connections are shown.

Theorem 1. Consider a DRing topology in which each supern-
ode contains n racks. For any pair of racks whose supernodes
have p shortest paths of length h in the supergraph, there are
p-n"~1 shortest paths of length h between the two racks.

We identify a correlation in DRing between the number
of shortest paths and the shortest path length, as stated in
Theorem 1, meaning when p < n, a pair of racks with longer
shortest paths also has more shortest paths between them
and vice versa. Our path selection scheme, Shortest-Union-K
(SU-K), leverages this correlation to identify when to use
non-shortest paths for a pair of racks. Specifically, between
two ToR switches R and R,, SU-K uses all paths that satisfy
either of the following conditions: (1) The path is a shortest
path between R and R». (2) The length of the path is less than
or equal to K. Effectively, SU-K employs non-shortest paths
for pairs of racks that are close (i.e., smaller /) and, hence,
do not have enough shortest paths between them. Two racks
that are distant from each other (i.e., larger &) have sufficiently
many shortest paths available between them to effectively load
balance traffic and, hence, no extra paths are required.

SU-K is implementable as a destination-based routing
scheme with BGP and VRFs, which are available in
essentially all datacenter switches. We have prototyped SU-2
(K =2) in the GNS3 network emulator [3] on emulated Cisco
7200 routers. VRFs give us the power to virtualize a switch and
partition the switch interfaces across the VRFs. We partition
each router into K VRFs: (VRF 1, VRF 2, ..., VRF K). The
host interfaces are assigned to VRF K. We use a unique AS
number for each router and all VRFs on one router have that
same AS number. For SU-K, K VRFs need to be configured
at each router. For every directed physical connection from
switch R1 to R2 in the topology (treating an undirected link
as two directed links in opposite directions), we create the
following virtual connections in the VRF graph:

1. (VRFK,R1)— (VRF1i,R2)of costi, forall i
2. (VRF (i-1),R1) = (VRF1i,R2) of cost 1
3. (VRF1,R1) — (VRF 1,R2) of cost 1

The cost of any other link not listed above is . The costs can
be set via path prepending in BGP. We simply use shortest
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path routing in this VRF graph, which can be done via BGP
(specifically eBGP). Figure 10 illustrates this design. This
design is loop-free: There is no loop at the virtual-router level,

since shortest path routing is used with the virtual routers.

There is also no loop at the physical-router level, since all
virtual routers from the same physical router are assigned the
same AS and BGP does not admit any path that contains nodes
belonging to the same AS. Theorem 2 states the correctness of
this design, with the proof in Appendix 9.3. In order to reach
a destination host h2 in rack R2 from a source host h1 in rack
R1, a flow needs to reach (VRF k, R2) from (VRF k, R1). If
the shortest path between R1 and R2 is < k, then this design
ensures that all paths of length < K in the physical topology
can be used since they all have cost K in the VRF graph.

Theorem 2. For two routers in the topology R1 and R2
separated by distance L, the shortest path in VRF graph from
(VRFK, Rl)to (VRF K, R2) has length = max(L,K).

In addition, we note that a simple change to BGP’s path
selection process would further simplify the above routing
design and remove the need to configure VRFs. Specifically,
current vendor implementations typically do not support
multipath route selection across routes with different AS-path
lengths. Supporting this behavior can be done easily by
allowing the two commands “bgp ignore-as-path” and “bgp
maximum-paths” to be configured simultaneously, a combina-
tion currently disallowed in common vendor implementations.
We also note that the routing configurations at each router can
be generated by a simple script to avoid errors.

5.2 Weight Assignment

Different traffic patterns induce different bottlenecks in the net-
work, and thus work better with different paths. Uniform traffic
tends to induce fabric congestion, where the total traffic volume
is larger than the network capacity, and prefers to use shorter
paths to minimize the bandwidth tax. By contrast, skewed traf-
fic (e.g., incast, bursts) tends to induce rack congestion, where
a large volume of traffic needs to enter or leave the rack while
most of the fabric remains underutilized, prefers to use more
diverse paths—regardless of how long they are—to maximize
traffic out of (or into) the rack. The routing scheme (i.e., path
selection together with weight assignment) needs to accom-
modate different spatial traffic patterns. Furthermore, in data
centers, traffic changes over time [12, 60,61, 74], and the rout-
ing scheme needs to accommodate temporal traffic variability.
Traffic-oblivious weight assignment. When path weights
must be pre-installed on switches without any visibility into
the traffic matrices, both equal-split and max-min-fair path
weights (over SU-K-based path sets) are robust defaults: they
avoid biasing towards either shorter or diverse paths and
instead achieve a good balance between path length and path
diversity. In our small-scale setting, however, many paths
are two hops and thus largely disjoint for each rack pair,

0 1 2 3 4 5 6 7 8
= Lookback Window
Figure 11: Real-world traces demonstrate temporal correlation,
approximated by how close the throughput is to the optimal
if a routing strategy is generated based on a past TM. The
lookback window indicates the number of 30-minute intervals
in the past. There is a clear correlation across TMs over time

and the strength of the correlation varies for different traces.
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Figure 12: A toy example of topology with link capacity 1,
illustrating the concept of non-conflicting TMs. The gray cells
indicate unviable communication pairs. Cells with 1 indicate
1 unit of traffic and empty white cells indicate no traffic.

so max-min fairness provides little advantage over simple
equal splitting. Therefore, Starfish defaults to equal-split path
weights when traffic-oblivious routing is required (e.g., with
controller malfunction or extreme traffic volatility).

Traffic-aware weight assignment. While traffic is dynamic,
some traffic characteristics persist over time [16, 58, 66].
Figure |1 confirms that there is indeed temporal correlation
across traffic matrices (TMs), based on real-world traces (trace
details in §6.1). This temporal correlation offers opportunities
to optimize path weights based on historical TMs and further
extract the performance benefits offered by DRing. Starfish
computes path weights periodically at a coarse granularity
(every 30 minutes in our evaluation). The controller formulates
weight assignment as a multi-commodity flow linear program
(LP), taking TM from the previous interval as input and
producing weights for the current interval. We present the LP
in Appendix §9.4 and highlight two key insights below.

First, a good set of pre-selected paths facilitates further path
weight optimization. To illustrate, we first define a concept
of non-conflicting traffic matrices: two non-conflicting TMs
share some common optimal routing solution that does not
compromise their individual optimality. Consider the topology
and TMs in Figure 12. It is trivial that first-row TMs do
not conflict while second-row TMs conflict with each other.
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Figure 13: Spreading out traffic on more paths helps accommo-
date future traffic variation by leaving link capacity headroom
and reducing the chances of future TMs conflicting.

Interestingly, for last-row TMs, they may seem conflicting at
first glance but in fact, they do not conflict with each other, if
we can choose paths more intelligently and allow traffic from
A to E to traverse [A,C,D,E] instead of [A,B,E]. This example
highlights the importance of a good path selection scheme, one
where ample near-shortest paths like [A,C,D,E] are included
and traffic from A to E can traverse [A,C,D,E] when needed,
avoiding conflicts with other TMs. Moreover, we find that
instead of handpicking only a few good paths in the path selec-
tion phase, keeping a larger set of paths (e.g., the ones selected
by SU-K) offers more flexibility for the central controller to
shift traffic around and avoid conflicts across TMs.

Second, distributing traffic on more paths helps with accom-
modating traffic variations. The intuition is illustrated in Figure
13. If given only the top TM, both routing strategies are valid
and equally good. However, if the traffic later changes to the
bottom TM, the strategy below where traffic is more spread out
on paths [A,B,E] and [A,C,D,E] still achieves full throughput,
while the throughput of the strategy above drops to only 83%.

6 Evaluation

We evaluate Starfish in htsim simulator [69] and com-
pare it with the status-quo (leaf-spine), related topolo-
gies (Jellyfish [78], Dragonfly [46]) and related routing
schemes (shortest-path routing, WCMP [95], FatPaths [19],
VLB [48, 92], SMORE [35, 50]). We show the following
key results: (1) Starfish outperforms baselines on real-world
traces. (2) Starfish is resilient to random link and ToR failures.
Starfish’s performance benefits are more pronounced (3) at
smaller scales and (4) with larger oversubscription.

6.1 Setup

Traffic generation. We use real-world traffic traces from a
university data center (UNV) and a private enterprise data
center (ENP) from [15], and three production clusters, for

database (DB), web servers (WS), and Hadoop servers (HD)
respectively, from Meta’s Altoona Data Center [70]. Table |
in Appendix §9.5 presents a summary of statistics for how we
parse the traces. We use a 30-minute interval, which provides
sufficient samples for statistical significance for each trace.
For each interval and each rack pair, we aggregate the traffic
volume and sample from a flow-size distribution (described
below) until their total matches the aggregate volume. To
ensure fair comparison, flows are generated at the server level
and the offered loads are normalized by the topology capacity
to account for small differences in topology configurations.
Flow sizes are picked from a standard Pareto distribution with
mean 100KB and scale=1.05 to mimic irregular flow sizes in a
typical data center [13]. Flow start times are chosen uniformly
at random across the simulation window.

Topology baselines. We experiment with four topologies
using 64-port switches. We try our best to construct all topolo-
gies using the same set of equipment to equalize hardware
cost, including servers, switches and links, while omitting
considerations e.g., copper vs fiber cabling, power and cooling,
etc. Some topologies impose parameter constraints, so exact
equipment parity is not always feasible; in those cases, we find
the closest possible topology configurations. To further ensure
fair comparison, we ensure at most 3% difference in the num-
ber of servers and switches (following prior work e.g., [18]). (1)
Leaf-spine: 64 leaf switches, 16 spine switches, 3072 servers.
We choose an oversubscription ratio of 3, matching an industry-
recommended configuration [8]. Leaf-spine is routed using
the standard ECMP, where traffic is split equally on all shortest
paths. Note that in leaf-spine, both traffic-oblivious and traffic-
aware routing reduce to ECMP with equal-split path weights.
(2) DRing: 80 switches, 2988 servers (2.8% fewer than leaf-
spine), 12 supernodes. (3) Jellyfish: 80 switches, 3072 servers.
We use a regular random graph (a high-end expander [82]) for
construction. Jellyfish is routed using Starfish’s traffic-aware
routing. We include Jellyfish as a representative of expander-
based topologies. (4) Dragonfly: 78 switches (2.5% fewer),
3120 servers (1.6% more), 39 groups. p =40,a =2,h = 19.
This configuration leaves 4 ports empty per switch. We inten-
tionally adopt a favorable Dragonfly configuration, maximiz-
ing the number of ports used and allocating more inter-group
links for alleviating known hot spots on inter-group links [18].
We approximate Universal Globally-Adaptive Load-Balanced
(UGAL) [46] with a path selection scheme combining shortest
paths and VLB paths with traffic-aware weight assignment.

Routing baselines. We experiment with seven routing
schemes. (1) Starfish: Select paths using SU-2. Assign weights
adaptively to traffic using a central controller, where we solve
the linear program with a commercial solver Gurobi [4], set-
ting Method [5] to 2 and Crossover [4] to 0. Following [50],
we set path weight quantum to &. (2) Starfish (Oblivious):
Select paths using SU-2. Assign equal weights to the selected
paths. (3) Shortest Path routing (SRT): Select the shortest
paths. Assign weights adaptively. (4) Weighted-Cost Multi-
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Figure 14: Starfish delivers lower tail latency at comparable load (and higher load at comparable tail latency), outperforming
baselines in the network load v.s. tail latency tradeoft across real-world traffic traces. Schemes marked with * are traffic-oblivious,
and the remaining schemes are traffic-aware. Curves further to the right are better.
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Figure 15: Starfish outperforms baselines across all percentiles.

Path (WCMP): Select the shortest paths. We approximate
WCMP by assigning max-min fair weights to paths selected
(see discussion in §7.2). (5) FatPaths: Select paths using its
layered routing approach. Assign weights adaptively. We route
per-flow instead of per-flowlet as suggested in the paper, to
ensure fair comparison. (6) Valiant Load Balancing (VLB):
Select a random first hop, and use the shortest path from the
second hop onwards. Assign weights adaptively. (7) SMORE:
Select paths according to racke’s algorithm [67,68]; done in the
VM provided by the SMORE paper. Assign weights adaptively.

Simulation. We use the htsim-based packet-level simula-
tor [69], configured with TCP and 10Gbps links of latency
2us. Packet size is 1500B. We simulate with source-based
routing. The simulation runs for 144ms (in simulation time).
We collect measurements after the warmup phase when the
network condition has stabilized and after all flows finish.

6.2 High Performance on Real-world Traces

Starfish delivers lower tail latency at comparable load (and
higher load at comparable tail latency), outperforming
baselines in the network load vs. tail latency tradeoff across
real-world traffic traces. Figure 14 reports the 99th percentile
flow completion time (FCT) of Starfish and baselines against

increasing offered network loads under five real-world traces
across five random trials. We truncate the plots at 50ms tail
latency; results beyond this point do not affect the conclusion.
Across five traces, Starfish supports 56.38% more traffic
on average than leaf-spine while ensuring the tail latency is
below 50ms. Even when used with traffic-oblivious weight
assignment, Starfish (Oblivious) supports 32.91% more traffic
than leaf-spine. This implies that small-scale data centers
can obtain significantly more network capacity simply by
re-arranging the switching hardware they currently have. In
addition, Jellyfish, when used with Starfish’s traffic-adaptive
routing, supports 51.63% more traffic on average than
leaf-spine, highlighting the effectiveness and generality of
Starfish’s routing when applied to expander-based topologies.

Starfish outperforms all non-Jellyfish baselines on every
trace except HD. HD exhibits high temporal variability and
more uniform spatial distribution, thus favoring shortest-
path-dominant schemes, e.g., leaf-spine, DRing with ECMP
or WCMP. Starfish’s adaptive routing underperforms when
traffic is highly variable and the temporal correlation is not
strong enough for further weight optimizations. As a result,
Starfish (Oblivious) supports 22.05% more traffic than Starfish
under HD. Jellyfish, an expander-based, high-expansion
topology, is expected to deliver strong performance when used
with Starfish’s routing scheme. Leaf-spine underperforms
due to higher oversubscription and the resulting higher rack
congestion. Dragonfly performs the worst, largely because
paths are long and path choices are limited; on all traces except
UNYV and ENP, its tail latency exceeds 50 ms even at the lowest
tested load. On DRing, Starfish ’s routing outperforms all rout-
ing baselines. It supports 26.41% more traffic on average than
DRing + VLB, the strongest routing baseline, while keeping
the tail latency below 50ms. SRT and WCMP perform poorly
because they restrict to shortest paths, which is too restrictive
on adirect topology like DRing. SMORE and FatPaths use non-
shortest paths but underperform because they hand-select only
4 and 3 paths per rack pair, respectively, which is insufficient.

In fact, Starfish performs well not only at the tail but across
all percentiles, with traffic-aware or traffic-oblivious weights.
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Figure 16: Starfish is resilient to random link and ToR failures,
outperforming leaf-spine and approaching failure-aware.

Figure 19 in Appendix 9.6 shows that the performance gains
in Starfish also hold for the median FCT. Moreover, Figure 15
reports FCTs at all percentiles of Starfish, Starfish (Oblivious),
leaf-spine and DRing+VLB (the strongest routing baseline),
under UNV and ENP for one representative run. The top-row
figures show FCTs up to 50ms (consistent with Fig. 14) and
the bottom-row figures are the zoomed-in views. At lower per-
centiles, Starfish, Starfish (Oblivious) and leaf-spine are com-
parable, while DRing+VLB is worse due to longer paths from
the random first hops. Starting around the 30th percentile, leaf-
spine degrades sharply, reflecting its higher rack congestion.

6.3 Failure Tolerance

Starfish is resilient to random link and ToR failures. Figure 16
reports the 99th percentile FCT of Starfish, leaf-spine, and
Starfish (Failure-Aware) under UNV and ENP. Failure-Aware
is an oracle baseline that optimizes routing with full visibility
of the failed links/switches. In Figure 16a, we evaluate with
increasing percentages of failed links with ten random trials.
Following CONGA [12], we model a failed link as retaining
only 50% of its bandwidth. We normalized the number of failed
links by the topology capacity to account for minor configu-
ration differences. Starfish degrades gracefully under random
link failures, outperforming leaf-spine. Moreover, Starfish’s
performance approaches the failure-aware performance, and
exhibits minimal variance across trials. With 10% failed links,
the tail latency in DRing increases by only 33.42% and 37.11%
for UNV and ENP, respectively, whereas the increases are more
than 100% for leaf-spine due to the rapid loss of path diversity
and its smaller network capacity. Moreover, at 10% link failure,
Starfish’s tail latency is only 7.61% and 11.31% higher than the
failure-aware optimal. In Figure 16b, we evaluate with increas-
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Figure 17: Starfish performs particularly well at small scale, but
its performance degrades at larger scale when the supergraph
size has to increase to accommodate more switches. Dashed
lines indicate a modified topology setup (details in §6.4).
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Figure 18: Starfish’s performance gains are more pronounced
with higher rack oversubscription i.e., higher rack congestion.

ing percentages of failed ToRs with ten random trials (with
double the injected load from Fig. 16a). When a ToR switch
fails, all servers attached to that ToR stop sending and receiving
traffic. For Starfish, all servers attached to a failed ToR also stop
transiting traffic. As each ToR is attached to fewer servers in
DRing than leaf-spine, DRing disconnects fewer servers than
leaf-spine with the same percentage of ToR failures. Similarly,
Starfish’s performance degrades slowly under random ToR
failures, where its tail latency is 88.19% and 96.24% lower for
UNYV and ENP respectively, than leaf-spine on average.

6.4 Impact of Scale

Starfish performs particularly well at small scale, when the
supergraph size is kept small. Figure 17 reports the 99th
percentile FCT of Starfish, leaf-spine and Jellyfish under
ENP with increasing numbers of switches. For the first
five data points, we set the number of supernodes to 12, set
oversubscription ratio to 3 and construct the closest possible
DRing, leaf-spine and Jellyfish topologies. It simulates the
scenario of scaling DRing by adding more switches to each
supernode. Starfish excels at small scales, yielding an average
tail latency 58.20% smaller than leaf-spine across the five
sizes. Starfish’s tail latency is relatively stable because we add
switches without increasing the supergraph size (i.e., no new
supernode) and thus the average path lengths do not increase.
However, as discussed in §4.4, we are restricted by port count
on a switch and unable to always scale a DRing by adding more
switches to supernodes. The last two data points in Figure 17
simulate the scenario of scaling DRing by adding supernodes.
We use 96-port switches and set the number of switches per
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supernode to 10. Leaf-spine stops earlier because it does not
scale to those sizes under existing choice of configuration
parameters. Starfish’s performance deteriorates at larger scale,
yielding an average tail latency 26.19% higher than Jellyfish.

6.5 Impact of Oversubscription

One key contributor to Starfish ’s performance gains is the
reduced rack oversubscription. Figure 18 reports the 99th
percentile FCT of Starfish and leaf-spine when running ENP
with different ToR oversubscription ratios across five random
trials. The performance advantage of Starfish over leaf-spine
grows with oversubscription. With no oversubscription (1:1),
the performances of Starfish and leaf-spine are on par. With
3:1 and 5:1 oversubscription, Starfish supports roughly twice
the traffic than leaf-spine when keeping tail latency below
50ms. This follows from Starfish’s direct topology, which
lowers rack oversubscription and hence rack congestion.

7 Related Work

7.1 Topology Literature

A recent workshop paper [37] investigated topology design for
small-scale data centers. This paper differs in incorporating
insights on the topology construction, wiring and deployment
discussions, analysis of path diversity and fault tolerance, a
routing design including traffic-aware weight assignment, and
comprehensive evaluation.

Clos-like topologies. Fat tree [10, 55] is dominant in hyper-
scale data centers, and Portland [63], VL2 [31], Jupiter [75],
fbfabric [6], F10 [57] improve upon fat tree and build
fat-tree-like topologies. These topologies are indirect.
Topologies from HPC. Butterfly [26] can be indirect and
lacks path diversity. FlattenedButterfly [47] and HyperX [9]
improve upon that but use many global, or long-distance, links
between routers, causing it to be especially brittle when those
links fail. Dragonfly [46], Dragonfly+ [73] and Galaxyfly [54]
improves upon that but are still sensitive to congestion and
failures on global links. Dragonfly+ is also indirect.

Expander-based topologies. Jellyfish [78] and Xpander [82]
are complex with wiring. Bundlefly [53] and PolarStar [52]
impose parameter constraints and have limitations in support-
ing topologies at small scales. SpectralFly [89] is difficult with
wiring, while Slimfly [18, 20] and Bundlefly have no clear
incremental expansion plan, as adding more routers requires
rewiring a lot of links. Moreover, Slimfly imposes very strict
conditions on its size (i.e., d > Q(1/n), d for port count, n for to-
tal number of switches) [82]. In addition, Polarfly [51] suffers
from switch and link asymmetry and thus the links connecting
quadric and non-quadric nodes are more brittle to failures.

Other topologies. Small-world data centers [72] is difficult
with incremental expansion with its regular lattice underlying
the topology, Random Shortcut Topologies [49] is difficult
with wiring with its random links added, and FatClique [91]
has long paths. Server-centric topologies, e.g., DCell [34],

BCube [33], Mdcube [87], rely on multi-port servers with
a forwarding engine. Reconfigurable topologies, e.g.,
Helios [28], c-through [85], Rotornet [61], Projector [29],
Firefly [36], Flat-tree [88], Lightwave [56], Proteus [79]
and [96], require special hardware to support optical switching.
In addition, orthogonal to our work, REWIRE [23] and
LEGUP [24] look into optimization frameworks that search for
Clos network constructions. Condor [71] generates topology
by specifying constraints instead of describing the topological
structure. Minimal Rewiring [94] tackles expanding a Clos
DC. [42] analyzes topology capacity theoretically.

7.2 Routing Literature

Traffic-oblivious schemes. ECMP is widely adopted in
leaf-spine and Clos networks for its simplicity, but using only
shortest paths is insufficient for direct topologies. WCMP [95]
proposes weight assignment based on path capacity, but does
not specify how to calculate path capacity when paths are
non-disjoint. Its weight reduction algorithm and stripping alter-
native are orthogonal to our work. We compare to VLB [48,92]
and Layered Routing in FatPaths [19] in our evaluation.
Traffic-aware schemes. Data center traffic engineer-
ing, flow scheduling and load balancing schemes e.g.,
HULA [45], CONGA [12], Drill [30], Mahout [25], Baat-
daat [80] require custom ASICs for switches, while Opera [60]
requires optical switch circuits and DeTail [90] requires PFC
support. Others e.g., Presto [38], VL2 [31], microTE [16],
CLOVE [44], MPTCP [86] require modifications to the
host stack. We consider these approaches requiring special
hardware and/or protocols not easily deployable. Moreover,
CONGA [12] and Hedera [11] also assume multi-rooted tree
topologies and are thus inapplicable. Some WAN traffic
engineering schemes have different primary objectives. B4
and after [40] aims at improving fairness while Pretium [41],
COIN [93], Cascara [76], Shoofly [77] aim at reducing cost.
We complement schemes e.g., DOTE [65] where they only
focus on weight assignment and assume a given path set.
Our weight assignment scheme is similar to those used in
SWAN [39], SMORE [50]. We compare with SMORE in our
evaluation. We complement fine-grained load balancing
schemes e.g., LAPS [84], FlowBender [43], LetFlow [83], as
we answer which paths to use and in what ratio, while they
answer at what granularity traffic is split.

8 Conclusion

This paper presents Starfish, a topology-routing co-design that
achieves high performance, fault tolerance and deployability
at small scale. We highlight the distinct design space at small
scale and a practical routing for non-Clos-like topologies.
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9 Appendix
9.1 OSR & o for Fat Trees

We can easily compute the a for a fat tree [10] with switch
degree k as defined below:

o(T =FatTree(k)) = W

:(k_(
_1

4

‘?V‘
";‘ o ol

/
)

S— ol

3/Sk

[ (&%)

N

As earlier, F(T) is a direct topology built with the same
hardware as T. Note that number of server ports in one rack
of a random graph built with the same equipment as a fat tree
with switch degree = k is (g / #) and the number of network
ports in one rack is equal to (k — server ports). The above
calculation is for an oversubscription ratio r = 1, but the result
holds for any .

9.2 Oversubscription Reduction with Hetero-
geneous Switches

Define LeafSpiné (x,y, a), for arbitrary (positive integer)
parameters x, y and a, as the following: y spine switches of
(x+y+a) ports, each connected to all leafs; and (x+y+a)
leaf switches of (x-+y) ports, each connected to all spines and
x servers (assume all ports are fully utilized). First, we have
OSR(T = LeafSpiné (x,y,a)) = ;—‘ For the corresponding
direct network F(T) built with the same equipment with

servers distributed across all switches, the (x + y + a)-port
x(x+y+a)
x+2y

SErvers.

switches get

x(x+y)
x+2y

servers, and the (x + y)-port switches

get

Server ports per switch
(x+y) —Server ports per switch
x(xt+y+a)/(x+2y)
ax( ;
(x+y+a) = (x(x+y+a)/(x+2y))
x(x+y)/(x+2y) )

(x+) = (x(x+y)/ (x+2y))

o

OSR(F(T))=max(

LeafSpine(cyay) = OSRET) 1
Thus, o(T =LeafSpine (x,y,a)) = OSR(T) 2
9.3 Correctness Proof of Shortest-Union(K)’s
VRF Implementation

Proof. Let us say the shortest path between R1 and R2 in the
topology is (R1, A1,A>....Ar—1, R2).

Case 1: L > K: consider the path ((VRF K,R1),(VRF1,A)),
(VRF1,A3)...(VRF 1,A; _+1),(VRF2,A; _g12)...(VRFK-
1,A;—1) (VRF K, R2)), which has cost L. Since all links have
cost > 1, any other shortest path between (VRF K, R1) and
(VRF K,R2), which will have at least L hops, will also have cost
at least L. Hence, the shortest path length in the VRF graphis L.

Case 2: L < K: The path ((VRF K, R1), (VRFL—1,A)),
(VRFL—-2,A5)...(VRFK-1,A;—1),(VRFK, R2)) has cost K
(the first link has cost K — L, all other links have cost 1). Hence,
the distance between (VRF K, R1) and (VRF K, R2) is at most
K. Next, we show that any other path between (VRF K, R1)
and (VRF K, R2) length at least K. If the second hop in the path
belongs to VRF i of an adjacent node of R1, then the length of
the path is > i+ (K —i) =K since at least K —i hops are needed
to reach VRF K of any node from VRF i of any node. O

9.4 Linear Program for Traffic-Aware Weight
Assignment

Let Weight Optimizer() be a function that takes in a topology,
a traffic demand matrix and a set of paths for each rack pair
and produces a set of path weights for each communicating
rack pair, maximizing throughput under a fluid flow model.
Weight Optimizer() isimplemented with a linear program with
a multi-commodity flow formulation. Given a network G(V,E)
where edge (i, /) € E has capacity c(i,j) and a pair of sending
and receiving racks (u,v),u,v € V has traffic demand d(u,v).
P(u,v) denotes the set of paths the rack pair («,v) can use.
0(i,j) denotes the set of paths that traverse through edge (i, j)
and includes a list of tuples (u,v,p) which denotes path p for the
flow fromrack u to rack v. ¢ (u,v, p) denotes the amount of traffic
on path p from rack u to rack v. T denotes throughput, defined
as a maximum ¢ such that for each pair of (u,v),d(u,v) >0, it
is feasible to route #*d (u,v) traffic through the network [42].

Maximize T

Subject to
V(u,v) Z t(u,v,p) > Txd(u,W)
pEP(u,v)
V(i.j)€E Y t(wvp)<c(i))

V(u,v,p)€Q(i, j)

The objective is to maximize throughput 7', subject to two
constraints: (i) Traffic for any pair of racks (u,v) is transmitted.
(ii) All link capacities are respected.

9.5 Summary of Statistics for Trace Parsing

Table | summarizes the statistics for how we parse the five
real-world traces, in a way that preserves high confidence
levels and statistical significance.
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Figure 19: Starfish delivers strong performance across real-world traces when looking at the median FCT. Schemes tested are
identical to those in Figure 14.

Table 1: Statistics for trace parsing.

UNV | ENP | DB | WS | HD
Total length (h) 384 1920 | 24 24 24
Per-interval length (h) 48 240 0.5 0.5 0.5
#intervals 8 8 48 48 48
Confidence level 0.9 0.9 0.99 | 0.99 | 0.99
Significance level 0.1 0.1 0.01 | 0.01 | 0.01
Relative error (%) 1441 | 22.87 | 3.07 | 3.07 | 2.01

9.6 Starfish’s Performance at Median FCT

Figure 19 shows that Starfish delivers strong performance
across real-world traces when looking at the median FCT.
Plots are truncated at 0.20ms.
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