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Motivation
• Traffic is growing fast
• Real communication patterns are sparse 

and feature structure (?!)
• Can be exploited if demand is known: 

demand-aware design
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Demand-Aware Design?
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Application Layer

Transport Layer

Network Layer

Link / Physical Layer ?!
Even in real time!

Networks Capable of Change. 
Jennifer Rexford.  

Infocom 2019 Keynote.
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Goal
• Design a demand aware, bounded 

degree (scalable) networks with:
1. Short average route length (l), 

and 
2. Low congestion (c): 

• Both are important 
measures of efficiency
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Abstract—Emerging communication technologies allow to re-

configure the physical network topology at runtime, enabling

demand-aware networks (DANs): networks whose topology is opti-

mized toward the workload they serve. However, today, only little

is known about the fundamental algorithmic problems underlying

the design of such demand-aware networks. This paper presents

the first bounded-degree, demand-aware network, cl-DAN, which

minimizes both congestion and route lengths. The designed

network is provably (asymptotically) optimal in each dimension

individually: we show that there do not exist any bounded-degree

networks providing shorter routes (independently of the load),

nor do there exist networks providing lower loads (independently

of the route lengths). The main building block of the designed

cl-DAN networks are ego-trees: communication sources arrange

their communication partners in an optimal tree, individually.

While the union of these ego-trees forms the basic structure of

cl-DANs, further techniques are presented to ensure bounded

degrees (for scalability).

I. INTRODUCTION

A. Motivation
Data center networks have become a critical infrastructure of

our digital society. With the trend toward more data-intensive
applications, data center network traffic is growing quickly [7],
[31]. As much of this traffic is internal to the data center (e.g.,
traffic due to scatter-gather and batch computing applications),
the design of efficient data center networks has received much
attention over the last years [23].

Traditionally, data center designs are demand-oblivious and
static: they are optimized for the “worst-case”, e.g., they
(almost) provide a full bisection bandwidth, allowing to serve
dense, all-to-all communication patterns. Empirical studies
however show that real communication patterns are usually far
from all-to-all. Rather, traffic patterns feature spatial locality
and are sparse [5], [9], [13], [19], [21], [26]: only a small
fraction of all possible source-destination pairs are involved in
intensive communications at any time.

The advent of novel optical technologies which allow to
reconfigure the physical network topology [10], [15], [20], [21],
heralds a paradigm shift: using these technologies, data center
designs can be reconfigured and optimized toward their demand,
i.e., they become demand-aware. In particular, a demand-aware
network design may connect frequently communicating nodes
“better”: the network provides shorter routes between such
nodes (lower latency, energy consumption etc.) and aims to
reduce congestion by keeping traffic local (lower load, less
queuing delays, etc.).

(a) (b) (c)
Fig. 1. Challenge of designing demand-aware networks: (a) Optimizing for
route lengths only may result in bottlenecks and high loads. (b) Optimizing for
congestion only, by distributing load across multiple paths, can result in long
routes. (c) Ideally, we aim to design networks that minimize both congestion
and route lengths, using a small number of links (constant degree).

However, only little is known today about the algorithmic
challenge of designing demand-aware networks which provide
low congestion and short routes (in the number of hops), for
a given communication pattern. This is the topic of our paper
(see also Figure 1).

At first sight, it may seem that designing networks providing
both short routes and minimal load is hard and faces a tradeoff:
to better balance loads, it may be necessary to route flows along
longer paths. Yet, as we show in this paper, a solution can be
efficiently computed which is almost optimal both in terms
of route length and congestion, independently (i.e., without
tradeoff).

B. The Demand-Aware Network Design Problem

Intuitively, the demand-aware network design problem can
be stated as follows (a formal model will follow later). We
are given a set of n nodes (e.g., top-of-rack switches [21])
interacting according to a certain communication pattern: a
frequency distribution represented as matrix or (weighted)
demand graph.

Our goal is to design a demand-aware network, cl-DAN,
together with a routing scheme, which serves this communica-
tion pattern providing low congestion and shorth route lengths.
The designed network should be scalable, i.e., of bounded
degree (e.g., reconfigurable links may consume space and/or

Short route length: 
 bottleneck
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Demand Distribution Route length is minimum,  
       not congestion  

Congestion is minimum,  
       not route length  

Can we optimize both simultaneously?

Goal: design an optimal network with bounded degree 3
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&
Optimal path length 
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• A single source multiple destination problem

•  

• Optimizes both C and L 
 
 
 

A Building Block: EgoTree

EgoTree(s, p̄, Δ) S

p̄ = {p1, p2, …, pk}

Binary Trees
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Construction

• Sort  = {p1, p2, …, pk} from large to small

• Greedily Place destination nodes (one at a 

time) 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• Ego-tree is not balanced w.r.t. sizes of 

the subtrees
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!12



EgoTree: An Example
• Ego-tree is not balanced w.r.t. sizes of 

the subtrees

• Almost balanced w.r.t. the probability 

mass that defines congestion   
  
 
 
 

!12



Analysis on Congestion

!13



Analysis on Congestion
• Minimizing congestion is a NP-Hard problem


•                            provides 4/3 approximation 
to the minimum congestion (i.e., Longest 
Processing Time [Graham69]) 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EgoTree(s, p̄, Δ)
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Analysis on Route-Length
• Considering all the binary subtrees and 

using entropy grouping properties, we 
have an Entropy bound: 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Analysis on Route-Length
• On any optimal Δ-ary tree:


 

• Combining all, we now have optimality on L 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• Real distributions are sparse: datacentre's traffic 
shows demand distributions are sparse 

• We assume a distribution D with average degree ⍴

• ⍴ is a constant  

• Half of the nodes of lowest degree are defined as 
low degree nodes; others are high degree nodes
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Solution - “helper” nodes
!18



Ego-tree Modification 
• Modify ego-tree Tu of a high degree node u 

to T’u

• let v be a high degree neighbor of u: b be the 
helper node

• we remove v from ego-tree of u if p(u,b)>p(u,v) 

• else we put b in place of v 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• For Δ=12 ⍴
• Degree of nodes are at most Δ
• Congestion is at most: 

 
 

• Average Path length is at most  
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Take home
•Demand Aware Networks are possible

•The “challenge” is Self-Adjusting Networks 

•without knowing the future 

•What about:


• Δ is forced.


• routing protocols?


•cost metrics?


•Sync with upper layers 

•Much work and Interesting… 
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https://www.net.t-labs.tu-berlin.de/~stefan/disc16repartition.pdf
https://net.t-labs.tu-berlin.de/~stefan/ipl18.pdf
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