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Abstract—We propose a novel architecture of data center
networks (DCN), which adds wireless network card to both
servers and routers. Existing traffic redundancy elimination
(TRE) mechanisms reduce link loads and increase network
capacity in several environments by removing strings that have
appeared in earlier packets through encoding and decoding them
several hops downstream. This article is the first to explore
TRE mechanisms in large-scale DCNs and the first to exploit
cooperative TRE among servers. Moreover, it also achieves the
‘logically centralized’ control over the physically distributed
states in emerging software defined networks (SDN) paradigm, by
sharing information among servers and routers in data centers
with wireless cards. We first formulate the TREDaCeN (TRE
in Data Center Networks) problem and reduce the cycle cover
problem to prove that finding an optimal caching task assignment
for TREDaCeN problem is NP-hard. We further describe an
offline TREDaCeN algorithm which is proved to have good
approximation ratio. We then discuss efficient online zero-delay
and semi-distributed implementations of TREDaCeN supported
by physical proximity of servers and routers, enabling status
updates in a single wireless transmission, using an efficient
prioritized schedule. We also address online cache replacement
and consistency of information in servers and routers with and
without delay. Our framework is tested on different parameters
and shows superior performance in comparison to other mech-
anisms (imported directly to this setting). Our results show the
robustness and the trade-off between the ‘logically centralized’
implementation and the overhead on handling inconsistency of
distributed information in DCN.

Index Terms—Data Center Network, Redundancy Elimination,
Wireless Link, Software Defined Networks.

I. INTRODUCTION

ATA center networks (DCNs) are the infrastructure for
cloud service. Many enterprises migrate their computing
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needs into the cloud, increasing bandwidth requirements of
DCNs. Existing data center networks use the following archi-
tectures: Fat-Tree[2], DCell[3], Bcube [4] etc. Large DCNs
provide online services (web search, e-mails, online gaming)
and computations such as distributed file systems, data mining
etc. Alizadeh et al. [5] described DCTCP, an improved TCP
protocol for wired DCNS.

Halperin et al. [6] introduced wireless links between servers
to make use of the “hotspot” feature of DCN traffic and reduce
the transmission time of DCN jobs. In [7-9], wireless network
cards are added to each group of servers and therefore enable
wireless communication among servers, and performance in
wireless DCNs was further optimized.

Characteristics of DCNGs traffic were studied recently in [10]
[11]. Existing research does not address the traffic content
of DCNs. Inspired by [12,13], we introduce redundancy
elimination problem into DCN to reduce the traffic between
servers and hence improve the network performance. A large
fraction of the traffic in DCNs is redundant. It originates from
applications, software frameworks and underlying protocols.
In web service application, some contents are more popular
than others. The original data searching process is not aware
of the redundancy of traffic requested from different users,
thus resulting in a large fraction of duplicate traffic content
carried over the network. In [14], the duplicate content of the
traffic based on http (or http-opt) is up to 50%. MapReduce can
produce over 30% of duplicate content [15]. Although, for the
sake of robustness, security etc., some of the duplicate traffic
content is essential, most is redundant and can be eliminated.

A well-known approach to eliminate traffic redundancy is
to use proxy servers [16,17] to cache popular objects at
locations close to clients. Content delivery [18] and peer-to-
peer [19] networks caches are working similarly. Recently,
protocol-independent traffic redundancy elimination (TRE)
mechanisms are proposed to remove the redundant strings
across objects and traffic flows, achieving higher performance
than object-level mechanisms [13,20-22]. However, existing
TRE mechanisms are not applicable to DCNs, since they are
highly centralized and cause large communication overhead to
gather the traffic matrix and some other information needed.
Furthermore, they ignore the difference in utilities of caching
the same data by different intermediate nodes, especially when
the cache capacity is relatively small compared to the huge
traffic volume in DCNs. In existing works, servers register
the cache state of the data sent by them, but are not aware
of the data sent by other servers. Thus they do not take
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the redundancy of the data sent by different servers (cross-
source redundancy) into account, caused by the similarity
of the applications provided by the servers (e.g., file sharing).
Moreover, they do not address the change of popularity of
some content (e.g., web searches) with time.

To design TRE mechanisms for DCNGs, the first challenge is
how to handle the distributed information among servers and
routers. A centralized control logic is much easier compared
to the previous work done, but conflicts with the distributed
environment. A similar problem arises on how to enable the
network control logic to be well designed and operated on
distributed control plane states in SDN (Software Defined
Networks), and the ‘logically centralized’ thought has been
applied and gains the most benefit. Inspired by this, we pro-
posed a solution to achieve ‘logically centralized’ control over
the distributed information among servers and routers in DCNs
by importing wireless communication. Our work confirms the
trade-off between the ‘logically centralized” control optimality
and the overhead on handling distributed information in DCN,
which is also exploited in the recent work [23] in SDN.

Existing works [11,24-26] have introduced how to over-
come the wireless limitations such as the link blockage,
interference and reliability when the wireless technologies
are applied into DCNs. We propose to add wireless network
cards not only to each router but also to each server and
therefore enable wireless communication among servers and
routers. Since all the devices in DCNs are concentrated in a
relatively small place, a wireless transmission from a server or
router will inform other servers and routers about data units
memorized and corresponding delivery counts, which is used
for making better decisions afterward. Hence the cross-source
redundancy can be identified and addressed.

We use the term data unit (denoted as d) as the basic
unit for applying TRE. The server splits files or packets into
data units. When a user requests a data unit from a server A
that does not hold it, A finds another server B that possesses
it. The file content is then shared by wireless transmissions.
Alternatively, a mapping of data unit identifier to servers
storing it could be used. Data unit is delivered by routing
from B to A over a path consisting of a series of routers.
Server A may not cache the data unit (e.g., due to memory
capacity limitations) and therefore the next request by another
unit for the same data unit will cause a repetition of delivery
from B to A with routers as interim nodes. To reduce traffic
for any subsequent request, d can be memorized at one or
more routers on the path. Let r* be the last router on the
path that memorizes d. Subsequent deliveries of d over the
same path may be carried by routing of encoded (condensed)
form d’ of d from B to r*, and then routing of d in full size
from 7* to A. The utility of such delivery is defined as the
difference in total consumed bandwidth (link by link) when
d is transferred without and with encoding from B to r* (it
is equal to the number of hops from B to r* multiplied by
the difference |d| — |d’| in packet length between original and
encoded forms). If routers have no memory limitations, then
the most effective router is the last one on the route, which is
then able to directly deliver d to A. Otherwise the utilization
is maximized by memorizing data units at the last possible
router which has remaining capacity to record it.
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The same data unit may be stored in several servers and be
present in several server to server paths. Server B memorizes
the number of requests within a certain time interval. More
precisely, we assume that servers have derived the expected
number of server-to-server deliveries (called delivery counts)
of specific data units from the historical data and the profile
of the applications.

The contributions of this paper can be summarized as
follows. We formulate the Traffic Redundancy Elimination in
Data Center (TREDaCeN) problem and prove that optimally
assigning the caching tasks to routers is NP-hard. We introduce
wireless transmitters and receivers at each router and design
both offline and online solutions for utility-based caching task
assignment. To the best of our knowledge, this is the first
TRE mechanism for DCNs and our TREDaCeN algorithms
are also the first scheme which attempts TRE using cross-
source redundancy information.

The rest of the paper is organized as follows. Section II
describes the related work. The problem formulation and the
NP-hard proof are presented in Section III. Section IV-A
describes the offline solution and the detailed mathematical
analysis of its time complexity and approximate ratio are given
in Section IV-B. We then propose online implementations of
TREDaCeN, with and without wireless delay consideration
respectively, in Section V. Our online solutions are enhanced
by the time-relevant utility-based caching task assignment and
cache replacement mechanisms. A priority-based broadcast
mechanism and semi-decentralized decision model are also
introduced when wireless delay is considered, to handle the
information inconsistency and further improve the effective-
ness. The simulation is described in Section VI. Finally we
conclude the paper in Section VII. Preliminary version of this
article appeared in [1].

II. RELATED WORK

A variety of mechanisms have been used to find and
suppress duplicate data from their network transfers. The basic
idea of redundancy elimination is to identify the repeating data
contents that are transferred through network links, and then
replace them with labels (also referred to as signatures). We
review these mechanisms below.

In web caches [16], copies of documents passing through
network links are stored to satisfy the subsequent search
engines’ requests. Web caches are based on search engines
which may cache a website. Web proxies [17] are located
between the client and the server to store web contents. These
solutions can remove the duplicate data at the object level;
they only cache whole documents, such as HTML pages and
images. Similarly, Peer-to-Peer (P2P) cache also performs
the redundancy elimination at the object level, which does
not address cross-object duplicate data. Moreover, object-
level TRE is application-specific, and does not resolve the
redundancies between different applications.

Spring et al. [13] proposed the protocol-independent tech-
nique for eliminating redundant network traffic, which iden-
tifies the redundant data based on content-based naming. Re-
peated bytes between packets are identified by representative
fingerprints which are integers generated by a one-way func-
tion applied to a set of bytes. They designed an effective way
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Fig. 1. Data center with wireless cards at servers and routers

to compute and select the fingerprints. Approximately 39% of
the original volume of web traffic is found to be redundant and
removed. Saha et al. [27] proposed CombiHeader to reduce the
number of headers and hence the overhead of TRE. Halepovic
et al. [28] exploited the non-uniformities in redundant traffic
elimination.

TRE was exploited in specific networks. Aggarwal et al.
[20] studied the end-system redundancy elimination service
recently. Anand et al. [21] proposed a scheme for support-
ing TRE as a primitive IP-layer service on network routers
and first illustrated the feasibility of caching packets in fast
routers. TRE is performed considering the topology of the
network. However the proposed TRE is executed hop by hop,
resulting in a waste of cache resources. By considering the
benefits of coordination of the router caches, a network-wide
redundancy elimination (smartRE) is proposed in [22]. In
smartRE, servers register the data units sent by themselves
and assign the caching task based on the fingerprint, not on
the utilities, therefore the different utility when caching the
same data by different routers (cross-source redundancy) was
not considered.

III. TREDACEN FRAMEWORK AND NOTATIONS
A. TREDaCeN Framework

Our architecture (Fig. 1) further enhances the one proposed
by Halperin et al. [6]. In [6], only servers (or top of rack
switches) are equipped with wireless network interface cards.
In our architecture, there is a cache at each router, and a
wireless network interface card in each server and in each
router. To address cross-source redundancy, we assume that
each server learns whether and where data sent by other
servers are cached. Cache information (which data units
are cached by which routers) is transmitted by routers over
wireless channels (cache information broadcasting).

Based on this architecture, both offline and online redun-
dancy elimination mechanisms are proposed. Servers provide
the source data units while routers have two roles: forwarding
and decoding. The router forwards data units to the next hop
without additional processing, or decodes the encoded data
(specific fingerprints [13]) by matching the cached table and
fetching the copy of data units it cached [21,22]. The roles
of routers are changing based on instructions from servers
and their own information. Before routing, server checks the
cache table to see whether or not data unit d is cached by
some routers downstream the routing path. If so, d is routed
in encoded form, and is decoded into original form by some
specific router downstream (decoding task assignment). The
last router on the route that has cached data unit d (decoding
router, r*) will decode it into original form and forward toward
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the destination. Other routers on the route will forward packet
as received (encoded or not) to the next router on the route to
B. They may cache the payload of the flow through them,
if instructed by a server, and if d is not in the encoded
form. This caching task assignment procedure is applied,
considering that data units cached by different routers gain
different utilities. If d is expected to be cached by the router
r, r also performs cache replacement task, if its cache is full.
Procedures of servers and routers are summarized in Fig. 2.

In the offline mechanism, we assume that servers know the
information of data units already and the information does not
change in a relatively long term period. During this period,
data units to be sent are known in advance, and the expected
delivery counts of data units are known from history. The
caching task assignment is performed just once at the very
beginning of the period and then keeps unchanged until the
next period. Hence in our offline mechanism, we focus on the
once caching task assignment.

In the online mechanism, data units to be sent are not
known a priori and arrive randomly, so servers have to collect
the cache information of all routers in real time, and then
when a data unit arrives, make cache decisions by themselves.
The algorithm should make real-time decisions on possible
caching assignment and cache replacement among routers. The
cache refreshments (when caching information is changed in
a router) should be known by the servers to perform decoding
correctly. In our online mechanism, the cache refreshments are
broadcast by routers through wireless channels. Furthermore,
considering the broadcasting collision challenge, they decide
which router broadcasts its cache information first by utility-
based broadcast mechanism.

B. Definitions and Notations

The set of routers is denoted by R = {ri,r2,...,7|g|}.
The cache capacity of each router is the same and denoted
by C. § = {s1,52,...,55/} is the set of servers, P =
{p1,p2,...,pp|} is the set of routing paths between servers
and 7, € p means that router 7, belongs to path p. The set of
data units is D = {dy,ds...dp|}. Data units are the same
length [ before encoding and length (size) I’ after encoding.
Each data unit may pass through any of the routing paths.

Data unit d is forwarded from source server s on path p
in encoded form d’' until the decoding router r*(d, p). The
footprint of data unit d along path p is the total amount of
consumed bandwidth resource when d is routed over p. The
footprint is computed as xxl-+y*l’, where x and y are numbers
of hops on p with full length and encoded form forwarding,
respectively. The reduction of footprint of d passing through
p; is (I —1') - hj, where hjj is the number of hops from
the source of p; to decoding router 7, = 7*(d, p;). Fig. 3
illustrates the concept.

Suppose e;; is the expected number of user requests for
data unit d; passing through path p; within certain fixed time
interval (the delivery count). The RE utility of one data-
router-path group (d;, r,p;) is defined as the total footprint
reduction of d; when cached by r; and routed through p;
within the same time interval, and can be computed by

u(i,j, k) = eij . (l — l/) . hj’k. (1)
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Fig. 2. Procedures of servers and routers.
> Original form data unit. / =200 — — » Before RE TABLE I
@ Encoded form data unit. I’= 50 —=-— After RE NOTATIONS AND DEFINITIONS
Notations Definitions
d, d Data unit and encoded data unit respectively
LU Size of full data unit and encoded form data unit
r, S, P Router r, server s and path p
r*(d,p) Decoding router of data unit d on path p
hjk Number of hops from the source of p; to 7%
u(i, 7, k) RE utility of d; through p; with decoding router 7y,

u(i, k) Cache utility of d; cached by 7y
Fig. 3. Footprint reduction. (a) Before TRE, footprint is 4¥200=800 bytes; (b) C,w The cache capacity and broadcast capacity
After TRE, footprint is 3*50+200=350 bytes. Footprint reduction is 800-350 E = {e;;} | The matrix of the delivery counts of data units
=(200-50)*3=450 bytes. A = {air} | The cache assignment matrix where a;; = 1 means

r1 caches d;
up(i, k,te) | the time-based cache utility of d; cached by 7 at time ¢,
Denote (i, k) as the cache utility of one data-router pair Lt(‘ps, k,t) | the replacement cost of cache position ps on ry, at time ¢
(d;, 1) where d; is cached by ry. It is the total RE utility of | P (i, ps, k1) | the replacement profit of new d; cached by 7
at cache position ps and time ¢

d; when cached by r and routed over all possible paths who
take 7 as their decoding router for d;. Then we have

|P|

>

j=lrp=r*(di,p;)

u(i, k) = u(i, j, k). ()

C. Problem Formulation

We assume that all delivery counts E = (e;;) Mslp|, M =
| D|, are known a priori. In reality, the delivery counts matrix F
can be obtained from the history traffic data. Within a given
time window 7' (one day or one week), we can record the
delivery counts for different data units through different paths.
We can use the delivery counts matrix recorded in the last time
window, or the average value of elements in the matrices of the
last multiple time windows as the estimation for the current
matrix /. We focus on the caching task assignment, deciding
which routers should cache which data for a long term benefit.

For each data unit d;, the set of routers Y; that cache d; and
assigned as its decoding routers can be one of 27 possible
different subsets (including the empty set (). Then the total
cache utility of d; cached by routers in T; is computed by

k=|R|

D

k=l:r,€Y;

u*(d;, 1;) = u(i, k). 3)

Then the total cache utility of all possible data-router pairs
in this problem is

i=M
ut =y @ (di, Ys). (4)
i=1

The objective of TREDaCeN is to maximize the total cache
utility ut, by making decisions on caching data units by routers
optimally. Here we introduce a cache assignment matrix A =
(@ir)rr«|r|> Where a;, = 1 means ry caches d; and be 0
otherwise, as the output of the solution. Let an integer constant
C denote the cache capacity of routers (each router can only

cache up to C data units). Then we have

i=M
Zaik <C;k=1,2,..,|R| 5)
i=1
Then the TREDaCeN problem is formulated as
i=M
max ut = Z u*(d;, 1) (6)
i=1

subject to Constraints (1) and (5).

D. NP-completeness of TREDaCeN

To show the NP-completeness of TREDaCeN, we first
introduce the cycle cover problem. A cycle cover denotes a
spanning subgraph consisting of node-disjoint cycles which
cover all the vertices of the graph. A k-cycle-cover denotes
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a cycle cover where each cycle’s length (number of edges)
is at least k. A k-cycle denotes a cycle with length k.
A unidirectional graph denotes a directed graph with no
directed cycles with length 2 (i.e., if (a,b) is an edge in the
graph, then (b, a) is not). We use 3-UDCC (3-UniDirectional-
Cycle-Cover) to denote the problem of finding a 3-cycle-cover
in a unidirectional graph. To show the NP-completeness of
3-UDCC, we use a similar method in [29] which is used to
prove that 3-DCC (3-Directional-Cycle-Cover) problem is NP-
complete. To make our discussion self contained, we restate
the procedure shown in our online technical report [30]. By
reducing 3-Dimensional Matching (3DM) to 3-UDCC in the
proof, we generate the following lemma:

Lemma 1: 3-UDCC problem is NP-complete.

Since in a unidirectional graph, there are no 2-cycles,
Lemma 1 implies the following lemma:

Lemma 2: Finding a cycle cover in a unidirectional graph
is NP-complete. (UDCC problem)

Proof: See the detailed proof in technical report [30]. W

We can transform the UDCC problem into our TREDaCeN
problem by constructing a unidirectional graph correspond-
ing to a well-designed network topology among routers and
servers where each router can only cache up to one data
unit. Given a kind of traffic patten of data units into the
network, we can find an optimal caching assignment to routers
corresponding to one feasible solution in UDCC. According to
the detailed proofs shown in [30], we generate the following
theorem.

Theorem 1: Finding an optimal caching task assignment for
TREDaCeN problem is NP-hard.

IV. OFFLINE TREDACEN

In this section, we handle the offline TREDaCeN prob-
lem, which makes decisions on how to cache data units at
routers with limited cache capacity so that the long term
traffic redundancy elimination benefit is maximized. In this
scenario, the wireless channel has sufficient bandwidth and
no collisions, and each cache decision of data units is learned
by servers without delay. Decisions are made iteratively, so
that servers and routers use decisions made so far to make
the next decision. We perform caching task assignment at
the beginning of each period and does not replace already
cached data units until the next period. The offline algorithm
is centralized essentially, but can run in a decentralized way
since all servers and routers are physically close and are
able to share the same information all the time by wireless
transmissions.

A. Approximate Solution

For the NP-completeness of TREDaCeN, in this section,
we propose OFTRE (Offline TRE), a light-weight greedy
algorithm for caching task assignment. Though the idea is
simple, we theoretically prove that the approximate ratio of
our algorithm is good.

The first step of OFTRE is to estimate the cache utility for
each data-router pair (lines 1-8). Note that it is not possible
to compute the cache utility of each data-router pair (d;, 1)
before the decoding routers are actually assigned. However by
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Algorithm 1 OFTRE Offline Assignment
Imput: S,R,P,D,E, {hji}, C
// E is the matrix of the delivery counts of data units
// {r:} is the set of routers, {p;} is the set of paths
// hj.r the number of hops from the source of p; to ry
// Each router can cache C' data units.
Output: A = (air)nr«|r| // aix = 1 means 7, caches d;
r*(di, pj)m«p| // the allocated decoding routers
1: for each router r;, do
2. ¢, = C // Initialize ry’s cache capacity.
3 for each data unit d; do
4: ik = 0
5
6

u(i, j, k) = ey - (L=1') - hjp
i, k) = 5250 0, ey, (i )
// Estimate the cache utility of (d;, r).
7. end for
8: end for
9: Mark all data-path pairs (d, p) as ‘Unassigned’
10: while 3217 ¢, £0 do
11:  Select (d;,ry) which maximizes u(i, k) with ¢ # 0
122 ap =1,cp, =ck—1// ry caches d;
13:  for each p;: i, € p; do

14: if e(i,7) # 0 and (d;,p;) is ‘Unassigned’ then
15: Mark pair (d;,p;) as ‘Assigned’

// (di,pj) is assigned a decoding router: 7
16: for each r;, € p; do
17: u(i, h) = u(i, h) —u(i, j, k)

// Refresh the cache utility of affected routers.
18: end for
19: end if
20:  end for
21:  if ¢ = 0 then

22: for each d; do
23: u(i, k) =0
24: end for

25:  end if

26: end while
27: for each (d;,p;) do
28:  mk = argmax;, h; 1, where 1, € p; and a;; =1
29:  1*(di, pj) ¢ Tmk

// Decide the final decoding router for each (d, p)
30: end for

assuming that d; is potentially cached by all routers ry, we
can modify (2) to estimate maximal potential benefits as (line
6):

1P|

> (i gk).

J=lirp€p;

(i, k) = @

The second step is to repeatedly select to cache data unit
with the largest estimated cache utility among routers with
remaining capacity (line 11). Before that, we mark each data-
path pair (d,p) as ‘Unassigned’, which means none of the
data-path pairs has been assigned a possible decoding router
(line 9). When the data-router pair is selected in (line 11), the
selected router caches the selected data unit as its decoding
router for all paths (referred as affected paths) through it,
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where corresponding data-path pairs should be ‘Unassigned’
to avoid repeated computation. Thus its capacity decreases
by one (line 12). To avoid unnecessary refresh operations for
routers (referred as affected routers) on affected paths, we
first perform a condition check here (line 14). And then, we
mark the affected paths as ‘Assigned’ (line 15) and refresh the
affected routers by removing the selected data unit from their
cache utilities (line 16-18). Routers whose cache capacity is
reduced to 0 can no longer cache data units and their potential
cache utility is set to be 0 for all data units (line 21-25).
Caching ends when no additional caches are possible. It acts
in a greedy way with mark operations step by step and is
not an optimal solution. Therefore, we fix the non-optimal
solution by re-assigning decoding routers (line 27-30) to get
the best TRE solution after caches are decided by this greedy
algorithm. The decoding router that is closest to the destination
is finally selected as the sole decoding router for each data-
path pair. It finally fixes possible multiple decoding routers on
the same paths. One detailed example is given in [30].

The time complexity of OFTRE algorithm is bounded by
C - |R|-|P|- h, where h is the maximum number of hops in
any path.

B. Approximation Ratio

We now analyze the approximation ratio of the OFTRE
algorithm. Let £/ = (e;;) | p| be an input delivery counts
matrix and A = (aix )« p| be an output caching assignment
matrix in the TREDaCeN problem. With different input F,
we can get different output A. Therefore, we denote @ (E) as
the total cache utility obtained by our OFTRE algorithm with
input E. u,(F) denotes the optimal total cache utility that
can be obtained by an optimal algorithm with the same input
E. Additionally, the m-leftover matrix (matrix-based leftover
matrix) of input matrix £ with A (denoted by E,,(A)) is
generated from E by setting e;; = 0 whenever a;, # 0 with
ri € pj;. In other words, it is the removal of the data units
from affected paths after assigning a decoding router to them.

Theorem 2: Let A be the caching assignment matrix ob-
tained by OFTRE algorithm with input E. Then ,(E,,(A))
is the total cache utility obtained by the optimal algorithm
with another new input matrix which is the m-leffover matrix
of A. We have

at(E) 2 ﬂ0(‘Em(A)) (8)
Proof: See the detailed proof in [30]. |

Lemma 3: Let A be the caching assignment matrix ob-
tained by OFTRE algorithm with input E. u,,(i,k) =
max(U(im, kn))s tm = 1,2,...,M; ky = 1,2,...,|R|. The
p-leftover matrix (pair-based leftover matrix) E,(i, k) of
one data-router pair (d;,r) is generated from E by setting
eij = 0, where a;; # 0 and j satisfies 1, € p;. Under the
scenario where each data can only be cached by one router at
most, we have

Uo(Ep(i, k) + Um (i, k) > Uo(E). ©)

Proof: See the detailed proof in [30]. [ ]
The following theorem gives an approximation ratio for the
OFTRE algorithm.
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Theorem 3: Let A be the caching assignment matrix ob-
tained from OFTRE algorithm with input E, having the total
cache utility u;(E). The optimal caching assignment matrix
is A, = (a,)m« g from an optimal algorithm with the
same input F, having the total cache utility %,(E). Under the
condition each data unit can only be cached by one router, we
have

G (E) > 0.5 o (E). (10)

Proof: See the detailed proof in [30]. ]

We argue that in the scenarios with large volume of traffic,
most of the data units are only cached by one router. Then
the condition @, (E, (i, k))+m (i, k) > U, (E) as described in
Lemma 3 can mostly be satisfied. Thus the approximation ratio
is always above 0.5. Experimental data in Fig. 4 of Section
VI-A show that the total cache utility by algorithm OFTRE is

much closer to the optimal result in most of the cases.

V. ONLINE TREDACEN

In OFTRE, delivery counts of data units to be sent during
the period are known a priory, and no cache replacements
are considered after the assignment during this period. The
algorithm becomes inefficient when delivery counts dynami-
cally change. We address here real-time caching assignment
and cache replacement, responding to the real-time arriving
of data units. We propose the online redundancy elimination
mechanisms ZDTRE (Zero-delay Distributed TREDaCeN),
DITRE (Delay Involved TREDaCeN) and SDTRE (Semi-
Decentralized TREDaCeN), which exploit the fact that devices
in DCNs are deployed in a relatively small area and can share
real-time information.

In all algorithms, the message is received immediately after
it was transmitted regardless of the transmission distance, be-
cause radio waves travel at the speed of light. However, there is
delay between transmissions of two bits, and correspondingly
the minimum delay in receiving messages is equal to the trans-
mission time of update message (the message is sent as soon
as the update occurred). Here the update message basically
includes the change of routers’ cache information and update
message about the replace rate of cache information is also
included in SDTRE.

All algorithms assume ideal physical layer: when there is
a single ongoing transmission, it is received correctly by all
the recipients. We also assume an environment with a lot of
data units being sent, but wireless transmission is only used
for cache information. If, following a data unit, there is no
change in cache information, or no change in the matrix of
delivery counts, then wireless transmission is not scheduled.

ZDTRE assumes zero delay in transmitting and receiving
any new information, and no collisions, therefore all messages
are correctly received by all recipients. The servers deal with
both the caching task and decoding task assignment when
new data units arrive, while the routers deal with the caching
replacement and decoding events when receiving data units
in a parallelized way. DITRE considers also zero delay in
transmitting update messages, but considers transmission time
and consequently the impact of collisions, where wireless
messages are not received correctly by all the recipients,
due to collisions which happen when transmission times of
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two or more messages overlap. DITRE does not add any
error handler mechanisms. SDTRE differs from DITRE in
adding handler for errors (detection and correction), and
adds delay in transmitting due to scheduling broadcasts (by
routers) with priorities. In SDTRE, the servers will utilize
real-time handlers for caching and decoding task assignment.
The routers, however, will not execute the instructions of
servers unconditionally. Instead, they detect the inconsistent
errors based on their own information and provide feedback
and newest cache information to servers if necessary. The
motivation for considering collisions, transmission delay and
error handler, is to investigate the robustness of our concept
as an example of SDN (software defined network).

1) Periodic Self-update Input: We suppose that the initial
delivery counts of d; are known from the historical data
and the profile of services is changing with time. e;;(t1,%2)
denotes the expected delivery counts of d; transmitted through
p; during the time interval between ¢; and t2, which will
be real-time updated according to the pattern of arriving data
units. For example, if we consider one day as a reasonable
period that reflects the period of traffic pattern, then at next
day, the new real-time data of delivery counts (denoted as
newkFE; ;(t1,t2)) can be added to the previously accumulated
data in the table of expected delivery counts. We call this a
periodic self-update. Based on this input, the cache utilities
are estimated and caching tasks assignments are performed.

2) Utility-based Cache Replacement: We further introduce
cache replacements in the online problem. We introduce some
notations for time stamps. t.(%, j), tin (¢, k) and ¢,(7, k) denote
the time when d; is sent, arrives and is removed respectively
on path p;. If not confusing, we use t., t;,, t, instead of
te(i,7), tin(i, k), to(i, k) for brevity.

Some of the data units cached by the router may have to
be removed to make room for the newcomer if some long
term benefit can be obtained. Thus each data unit cached by
the routers has its own [living time, the period between its
cached time t;,, and its replaced time ¢,. Different living time
of the same data unit cached in the same router can generate
different cache utility. To evaluate this effect, we introduce
the time-based cache utility for the RE utility obtained from
caching data units during its living time. At current time .,
the time-based cache utility u,(i, k,t.) of d; cached by 7y
can be computed by

un(iskote) = Y eij(tingto) - (L=1) - by

JiTkED;

(1)

When a server calculates u (i, k, t.) with (11) at time .,
there are two situations to evaluate t;,,. First if for r;, d; is
cached already, then the server reads t;, from rj’s previous
broadcast information. Otherwise, d; is going to be cached
there, therefore, under the zero-delay assumption, the server
estimated ¢;, by the predicted caching time of d; as

tin = hj,k * th + tc (12)

where ¢, is the average time cost of one hop during routing.
Since t, is hard to predict, we give a simple intuitive
estimation of ¢, by

to = tin + C/v. (13)
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where C' is the cache capacity of r; and vy is the replace-
ment rate of ry. Replacement rate is the average number of
replacements in the router per time unit. It is updated by the
router itself according to its real-time replacement informa-
tion. During cache replacement, since the replaced data unit
cannot help in further traffic redundancy reduction, this cache
replacement incurs the replacement cost and replacement
profit.

If at time ¢, d; is to be cached by router r; with d;; removed
at cache position ps, then the replacement cost of d; cached
by ry is

ci(ps, k,t) = uw(i', k, t). (14)

For ordinary caching operations without replacement, the
replacement cost is 0. The replacement profit is

pt(iaps7 ka t) = Utb(i, kat) - ct(psa kat)

It indicates that the RE utility we want to maximize is the
benefit that we get from new d; cached minus the replacement
cost that we have to pay for not continuously caching old d;.
Therefore, for one arriving data unit, if we want to get the most
profits on caching, we should consider the cache position in
one router that can obtain the largest replacement profit.

3) Assigning caching tasks: The main caching tasks as-
signment is performed by the servers and routers in parallel.
There are events that servers should deal with, which are
all independent of routers. Whenever a data unit d; arrives
at a server, the event triggers server handler. The server
first performs the comparison according to the newest cache
information it knows about all routers, and then forwards
it to the wanted router who returns the largest replacement
profit value for d; with the best caching position dIndex.
Whenever a router receives a data unit d;, (delivered by one
server), if d; is encoded, router decodes it and forwards to its
destination. Otherwise, router will check whether or not the
position dIndex lastly computed by the server is full. If it is
empty, then router caches d; there, or replaces old one by new
d;, and forwards a copy of d; to the destination.

5)

A. Zero-delay Distributed TREDaCeN

In ZDTRE scenario, we assume that servers and routers are
in close proximity and can share real-time caching information
without delay by wireless transmissions. Under this zero
delay assumption, we make real-time cache decisions and
replacements in parallel by all servers and routers, while
neglecting the broadcast delay. Since we assume ideal physical
layer in ZDTRE, where all wireless messages are received
correctly by all routers and servers, and there is zero delay,
all decisions and all the information in all servers and routers
are consistent. The pseudo code of the ZDTRE procedure is
illustrated in Algorithm 2.

B. Delay Involved TREDaCeN

We introduce DITRE algorithm to illustrate the phe-
nomenon of information inconsistency and inconsistency er-
ror in delay-involved broadcast environment. DITRE performs
the same operations as ZDTRE. While in ZDTRE zero delay
provides information consistency to all servers and routers,
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Algorithm 2 ZDTRE Online Assignment
Input: d;, v, e;;
Output: Real-time cache assignment and cache replacement
input_self_update ( ¢; ; )
// triggers when one period of traffic is over
L ey (tl, tQ) €5 (tl, tQ) + newEij (tl, tQ)
server_event_handler (d;, p;)
// triggers when a new data unit d; arrives with its
for each router 7, on path p; do
for each cache position ps in 7 do
Calculate pq (4, ps, k,t) with (11) and (15)
end for
end for
Get position dIndex in router rIndex which maximizes
pi (i, ps, k,t) with value maz Pt
if 7. 1nde caches d; already then
. Encode d; and forward to 7, 1,4e; With dIndex
10: else
11:  Forward d; to 7, rndes With dIndex
12: end if
router_receive_event (d;, dIndex)
// triggers when router 7y, receives d; with dIndex
13: if d; is encoded then
14:  Decode d; and forward to its destination
15: else
16:  if position dIndex in ri is empty then

A o

o @

17: Cache d; in the dIndex position

18:  else

19: Replace old one in position dIndex by new d;
20:  end if

21: ~ Make a copy of d; and forward to its destination
22:  Update new cache information to servers by broadcast
23: end if

updates in DITRE, although transmitted instantly, are received
with delay or possibly not received due to collisions, leading
to information inconsistency and inconsistent decisions (in-
COnsistency error).

Here is an example to show how information inconsistency
and inconsistency error among servers and routers happen in
DITRE. Suppose each router has only one cache and at time
to, each router 7, cached different data unit dj. Suppose at
time t., there is a router r; who has an update of its cache
information that another d; replaces the old di. The router
starts to broadcast and marks new d; as ‘already broadcast’.
However, the broadcast of this update needs transmission time.
The delay is equal to the time needed to transmit the update
message, and it is known by servers at time t. + delay. There
is a chance that the transmission is in collision with another
update transmission and all servers do not receive it. Then the
delay can be treated as infinity for them because the broadcast
is lost.

Suppose some data units arrive at servers during time
interval [t.,t. + delay). r cached new d;, but servers think
it still caches old di. Then we have information inconsistency
among routers and servers. If dj arrives at server, server
believes dj, is cached by 7, encodes dj and forwards it to
r,. However when r; receives encoded d, it cannot decode
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it. This is one type of inconsistency error. This type will cause
both packet loss and RE utility profit loss in DITRE.

There is also another type of inconsistency error. During
[te,te + delay), if there is one new data unit d,, arriving at
a server, and no router caches d,, then, the server calculates
the best router r; which returns the largest replacement profit
for d,,. In the calculation for 7, the server assumes r; caches
dy, but has no knowledge that new d; has replaced dj. If ry
is selected, then when rj, receives d,,, it may find the current
replacement profit for d, to replace d; is less than 0 (the
previous replacement profit is calculated as d,, to replace dy,
by servers), thus does not want to cache di. In DITRE, this
means RE utility profit loss.

Because of these two types of inconsistency errors, DITRE
works worse with larger delay. Especially when the cache ca-
pacity of routers is small, inconsistency errors will accumulate
enough to result in significantly different information among
what routers cache and servers know, which keeps servers
making wrong cache decisions that cannot be performed by
routers and thus gains little RE utility profit.

C. Semi-Decentralized TREDaCeN

DITRE deteriorates when cache capacity is smaller and de-
lay gets larger, due to increased inconsistency errors. SDTRE
has priority-based transmission scheme which imposes routers
to follow certain order (round robin) in accessing wireless
channels. Despite reception delays and collisions, SDTRE
makes timely updates because it reacts to the inconsistency
information.

1) Utility-based Refreshment Broadcast: We propose a
utility-based refreshment broadcast scheme composed of fin-
gerprint compress, refreshment and priority based broadcast
techniques. Each server has a complete cache information
table of all routers. The table is constructed by pairs of router
indices and fingerprints of data units that they cache. The
data unit’s fingerprint denotes the combination of the data unit
index and its cached position index in the router. Whenever
a router caches a new data unit, it immediately transmits
the change of their cache information (the fingerprint of the
new data unit) to servers through wireless channels. Then all
the servers will update their own cache information table.
However, many refreshments in DCNs may happen in nearly
the same time, and collisions in wireless channels may cause
the loss of information.

SDTRE addresses this issue by transmitting each router’s
replacement information with priority. In SDTRE, routers fol-
low the round robin order to broadcast their cache refreshment
information. The total time a router () transmits its cache in-
formation once is ATjy. Let w denote the broadcast capacity,
i.e., the number of data units whose cache information can be
transmitted during one unit time. Then the cache information
of ATj - w data units are transmitted by router during the
router’s one broadcast. When the router stops transmitting, the
next router (1) begins its turn. To help the utility estimation
in servers, when a router begins broadcasting, it broadcasts
both its cache information refreshments and its current average
replacement rate.

When 7 begins its turn, it needs to decide which cache
refreshment should be broadcast first. In SDTRE, each cache
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refreshment is matched with a utility value, which is the time-
based cache utility computed by rj, for its corresponding new
data unit, and the one with the highest utility value is broadcast
first.

If at time ¢., the cache information that d; is cached by 7
is not known by servers yet, and the new caching does not
provide profits until this information is broadcast to them. Let
ty(i, k) (tp for short) denote the time the cache information
of d; cached by rj is known by servers (through wireless
transmissions). Then different from (11) where t;,, equals tp,
the new time-based cache utility of d; in this scenario should
be computed as

Uik te) = > et to) - (1= 1) - hyp,

Jirk€EDP;

(16)

where tp > t;,.

When a server calculates u (i, k, t.) with (16) at time .,
there are two situations to evaluate t;. First if for r;, d; is
cached already, then the server reads t; from ry’s previous
broadcast information. Otherwise, the server has to estimate
tp, the time when the information that d; is cached by r; will
be broadcast and learned by the server in the future. Since the
broadcast delay is much larger than forwarding delay in this
scenerio, we focus on the broadcast delay. One round time for
all routers to broadcast is |R| * ATy. We can estimate that d;
is broadcast at the middle of one round, i.e., |R| * ATy/2 +
t.. However, if the replacement rate of rj is much larger
than broadcast capacity, then it will take =% rounds for 7
to broadcast all its refreshments, where vy, is the replacement
rate of rj,. So additional %= x |R| * AT,/2 should be added
into the estimation. With the feedback on latest replacement
rate of ry, the server estimates t; as

ty = % «|R| % ATy/2 + |R| * ATo/2 + te.  (17)

2) Semi-decentralized Decision: The intuitive scheme for
the assignment decision in SDTRE is to let servers decide
the best router for caching or decoding according to the cache
information of all routers as in ZDTRE, based on the received
updates. However, when the traffic in DCNs is busy and
servers want to cache their arriving data units to the same
router at nearly the same time, the scheme will cause cache
assignment collisions and limited cache ability. Further, it
can lead to information inconsistency and inconsistency error
described in DITRE. To address this issue, we propose a two-
level decision scheme (referred as semi-decentralized scheme,
distinguished from the parallelized scheme in the zero-delay
distributed solution). It exploits the proactive error detections
from routers to get timely information updates.

Whenever a new data unit arrives at one server, the server
will first check the cache information table and make the first-
level cache decision on which router on the routed path is the
best router. If the new arriving data unit has been cached on
the routing path, for information inconsistency effect, SDTRE
will select the furthest router that caches it on the wanted path
to get fast decision for decoding and forward with encoding
form to the wanted router to gain quick profit.

Otherwise, the server first estimates the replacement profit
of d; cached at ry, and then selects r; which maximizes
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Algorithm 3 SDTRE Online Assignment
Input: d;, o, vy, w, €
Output: Real-time cache assignment and cache replacement
input_self_update ( ¢e; ; )
// triggers when one period of traffic is over
L e (tl, tQ) — €45 (tl, tQ) + TLB’LUEU (tl, tg)
server_event_handler (d;, p;)
if d; has been cached on path p; then
Encode d; and forward to the farthest router caches it
else
Same operations as server_event_handler in Algorithm
2 with line 4 replaced by ‘Calculate p; (i, ps, k,t) with
equation (16) and (18)’
6: end if
router_receive_event ( 1y, d; )
7. if d; is encoded then
8. if r; caches d; already then

9: Decode d; and forward to destination

10:  else

11: Inform the source server to retransmit d;

12: Record all newest cache information of r; as cache

refreshments into the broadcast queue @y,

13:  end if

14: else

15:  Find the best cache position dIndexr who maximizes

(i, ps, k,t) with value maxPt

16:  if maxPt < 0 then

17: Forward d; to its destination directly

18: Record all newest cache information of r; as cache
refreshments into the broadcast queue Q)

19:  else

20: Cache d; by the same operation as line 16 to 20 in
Algorithm 2

21: Make a copy of d; and forward it to its destination

22: Record it as a cache refreshment of r; into Qy

23:  end if

24: end if

priority_broadcast_event ( QQy )

// triggers when Q) is not empty
25: for each router 7 in a certain round do
26:  while @y is not empty do

27: Pop the cache refreshment ¢; that owns the highest
utility value

28: 71 broadcast ¢; in ATy

29:  end while

30: end for

replacement profit of d; to be the best router. However, if
the server still evaluates the replacement profit with equation
(15), the estimation of replacement cost remains inaccurate
because of the information inconsistency effect. To avoid
the continuous deteriorating cases resulted by this, we use
the latest average replacement cost 0 of data units cached
by router 7, to do the estimation, though it causes some
optimality loss. Then servers can estimate the replacement
profit of d; if it will be cached by some router r as

5t(i7p87kat) = ,ﬁtb(ia kat) — Ok. (18)
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Fig. 4. The approximation ratios between OFTRE and Optimal solution.

When the data unit is forwarded to the wanted router, the
router will perform the final decision on whether to cache or
decode according to its own cache information.

There are two cases to handle when routers receive data
units. Firstly, when the wanted router receives the encoded
form of data unit d;, then it will first immediately check
whether it caches d;. If so, then it performs decoding for d;
and forwards it to the destination. Otherwise, it recognizes
inconsistency error and the server must have made wrong
decision. So it will first inform the source server to retransmit
d; and also broadcast all its newest cache information to
servers timely. Secondly, when the wanted router receives the
complete form of data unit d;, it performs the second-level
decision on whether to agree with the previous first decision
on caching according to its own newest cache information. If
s0, the router caches d; in its best caching position where its
replacement profit is maximized. This operation is recorded as
a cache refreshment which may later be broadcast to servers
for information synchronization. Otherwise, if replacement
profit for d; in any position of 7 is less than 0, then no
position for caching d; will gain RE profit. It indicates that the
router detects the information inconsistency error and wrong
cache decision by the source server. The router then makes
its own decision on no caching and forwards to its destination
directly, and also immediately records all its newest cache
information as its refreshments to broadcast for information
synchronization and error correction. The whole procedure is
illustrated by the pseudo code in Algorithm 3.

VI. PERFORMANCE EVALUATION

Our experiments include evaluations of offline and online
solutions. We show that the approximation ratio of the offline
algorithm is good, while our online solution outperforms
previous proposals and some other naive proposals. The
comparison between online algorithms shows the trade-off
between the ‘logically centralized’ control optimality and the
overhead on handling inconsistency distributed information in
DCNes.

A. Evaluation of Offline Solution

The evaluations of the offline algorithm are performed in a
small scale binary tree topology with 3 routers and 4 servers.
There are 12 paths in the simulating tree.
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Fig. 5. The topology of online solution evaluation.

To evaluate the offline solution, we define the approxi-
mation ratio as the ratio between the total cache utility of
all data-router pairs that are assigned by our greedy offline
algorithm OFTRE (OFTRE for simplicity below) and that by
an optimal algorithm. Since we proved that the problem is NP-
complete, the optimal caching assignment is obtained by brute-
force computing in our simulation, which traverses all possible
caching assignments for the optimal total cache utility.

In the simulation, we test three cases with the number of
data units 10, 20, 30 respectively. In each trial, the input
delivery counts matrix E is generated randomly. We can plot
the CDF curve of the approximation ratio. For example, the
point (0.9,0.72) in CDF curve for data unit number 30 means
that 72 percent of trials produces approximation ratio of 0.9
or below. As shown in Fig. 4, the approximation ratios of
OFTRE are generally in (0.8,0.9) range which is significantly
larger than 0.5 which is the lower bound given by Theorem
2. Furthermore, when the number of data units is larger,
the approximation ratio is generally larger, and our OFTRE
solution is closer to the optimal solution. It indicates that for
data-intensive data centers networks, our OFTRE solution will
be much closer to the optimal solution.

B. Evaluation of Online Solution

The evaluations of our online solutions are performed under
the fat-tree topology (see Fig. 5) proposed by M. Al-Fares et.
al. [2]. Before showing the simulation results, some notations
used are given bellow.

Overall redundancy, denoted by p, is the total redundancy
of the traffic transferred in the network. Suppose the average
number of each data unit arriving over a fixed time window
is m. To capture the characteristics that p is in the range of
[0,1] and will increase when m gets larger, p is defined as
p=1-— %

PathNum, the maximal number of the paths which a data
unit can pass through, is denoted by . In our experiment,
inspired by [10], 20% of the data generate 80% traffic redun-
dancy and the redundancy of the data units obeys the normal
distribution. The time to send each of n copies of the data
unit from server to server obeys the normal distribution (with
the mean 800 unit times and the deviation of 200).

To compare the effectiveness of RE, we use the following
metrics: 1) The normalized RE utility of an RE scheme is
the ratio between the total RE utility of all the data units
transferred and the total footprint. 2) The cache usage rate
denotes the average times each cache used to eliminate redun-
dant traffic per unit time. Suppose that ri, k = 1,2, ..., |R],
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Fig. 6. Comparison of ZDTRE, DITRE and SDTRE under different broadcast
delay settings.

can cache up to C data units, then the cache usage rate of
RE can be computed by v = % /t, where h is the total
times of all the |R| * C' caches used to decode the encoded
form into original one throughout the simulating time .

We first compare online algorithms ZDTRE, DITRE and
SDTRE under different broadcast delay settings. The broad-
cast delay denotes the average transmission time of one update
message in a router to broadcast. We use ZDTRE as a
benchmark for an upper bound of optimality to all the possible
designed algorithms that act upon different delay settings.
DITRE and SDTRE are ‘logically centralized’ versions; they
are sharing distributed cache information among routers and
servers with wireless medium and the decisions are made
according to the global cache information. We set different
broadcast delay value to test the total normalized RE utility
of ZDTRE, DITRE and SDTRE. The value of delay setting
is the multiplier of broadcast rounds (the average time for all
routers to broadcast once). The average transmission time of
updates in routers will be set as several rounds according to
the delay setting.

As Fig. 6 shows, when broadcast delay is small, DITRE
has somewhat larger RE utility profit than SDTRE, due to
the less optimal strategies that SDTRE pays to overcome
information inconsistency. At the beginning two algorithms
gain almost the same amount of RE utility profit, and the
larger the broadcast delay, the less profit they can gain.
Thus increased broadcast delay causes increased inconsistency
errors in information sharing. SDTRE performs better than
DITRE when the broadcast delay is larger because SDTRE has
some strategies to avoid, detect and handle the inconsistency
errors. DITRE has no strategy to handle the inconsistency
information and deteriorates quickly when certain delay is
reached with the small setting of cache capacity C' = 10 for
quickly accumulating inconsistency errors. It shows the trade-
off between control optimality and the overhead we pay to
handle the inconsistency information.

We now focus on the evaluations of SDTRE. We first
evaluate the normalized RE utility of different schemes and
parameters, and then we further evaluate cache usage rate and
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TABLE II
COMPARISON SCHEMES
Schemes | Task Assignment | Broadcast | Cache Replacement
SDTRE | Utility, feedback Utility Utility
p-DTRE Utility Utility Utility
RS Randomly Utility Utility
FIFO Utility Utility FIFO
SmartRE Randomly — FIFO
FIFB Utility FIFB Utility
OPT — — —

the inter-source redundancy elimination of online redundancy
elimination in data centers and its broadcast mechanism. The
comparison schemes are listed in Table II. p-DTRE is the
scheme we previously proposed in [1]. It has utility based
broadcast and cache replacement. But it has no feedback of
average replacement rate and average replacement cost, and
it also has no inconsistency error handlers. RS (Randomly
assign Scheme) is the scheme which assigns the caching task
randomly to routers. In FIFO scheme, when 7, caches new
data unit, the oldest data unit cached is replaced to make room
for this new data unit (if necessary), ignoring the utilities. In
smartRE scheme [22], the FIFO cache replacement is applied.
Each server registers the data units sent by itself and assigns
the caching task based on the fingerprints, but is not aware
of other servers’ cache decisions. Therefore the cross-source
redundancy is not addressed. In FIFB, when a router begins
transmitting the caching information, the information of the
oldest cache is transmitted first. OPT is the ideal caching
scheme, where routers have infinite capacities and cache all
data unit passing through them, and then the best router
selected for each data unit is the last one on its routing path;
this method serves as the benchmark.

Fig. 7 shows normalized RE utility under different parame-
ters: (a) different cache capacities with the overall redundancy
0.5 (p = 0.5), each data unit can be transmitted through at
most 2 paths (pathNum = 2) and the broadcast capacity
being 10 (w = 10); (b) different broadcast capacities with
the overall redundancy 0.5 (p = 0.5), each data unit can be
transmitted through at most 2 paths (pathNum = 2) with
cache capacity 1000 (C' = 1000); (c) different path Num with
overall redundancy 0.5 (p = 0.5), the broadcast capacity 10
(w = 10), the cache capacity 1000 (C = 1000); (d) different
overall redundancy with pathNum = 2, C' = 1000, w = 10.

As shown in Fig. 7, in all these scenarios, SDTRE outper-
forms all other schemes. In some scenarios, the performance
of SDTRE can be twice that of some other schemes.

Replacement Strategy: Fig. 7(a) shows that with the re-
duction of the cache capacity, the performance of SDTRE de-
creases more slowly than that of FIFO and SmartRE schemes,
meaning that the cache usage of SDTRE is more efficient
when the cache capacity is small.

Fig. 8 shows the cache usage rate under different cache ca-
pacities for these schemes. The average times each cache used
to eliminate redundant traffic per unit time is much larger when
utility-based cache replacement strategies SDTRE, FIFB, p-
DTRE, RS are deployed, especially when the cache capacity
is small, compared to SmartRE and FIFO schemes.

Caching task assignment: As shown in Fig. 7, the normal-
ized RE utility of the scheme RS is always smaller than that
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Fig. 7. Evaluation of the normalized RE utility under different schemes.

of SDTRE, between whom the only difference is the caching
task assignment strategy. Then we focus on the comparison
of the scheme SDTRE and RS when the overall redundancy
is 0.5, the cache capacity is 100 and the broadcast bandwidth
is sufficient. Comparisons under other parameter choices are
similar.

2669

0.02

>0.015

0.01

Cache usage rate

0.005

00 200 400 600 800

Cache Capacity ¢

Fig. 8. Cache usage rate of different schemes’ performance when
pathNum =2, w =10, p = 0.5

Fig. 9(a) shows that SDTRE has much larger average RE
utility of caches than RS, because a data unit is always cached
in the best “position” with the maximum network-wide utility,
and most of these positions are close to the destination of
other copies of the data unit. Fig. 9(b) shows that the cache
usage rates of SDTRE are always larger than that of RS. In
SDTRE, data units are cached in the positions where two
or more paths of this data unit intersect. However, they are
randomly cached in RS, resulting in less efficient redundancy
elimination performance.

Broadcast mechanism: As shown in Fig. 7(b), with the re-
duction of the broadcast capacity, the performance of SDTRE
decreases more slowly than FIFB. Let h and h’ be the
total number of times of all the caches used to decode the
encoded form data units when RE mechanism is applied, and
if cache information can be known by servers without delay,
respectively, then the efficiency of broadcasting is defined as
¢ =5

The efficiency of broadcasting in SDTRE is always larger
than that in FIFB (Fig. 10), because in SDTRE, the informa-
tion of data units whose utility values are larger are broadcast
first and these cached data units are more likely to perform the
decoding procedure which eliminates the redundancy traffic.
Furthermore, when the broadcast capacity gets smaller, the
difference of the efficiency of broadcasting in SDTRE and
FIFB schemes gets larger.

Routers’ loads: In this section, we compare the SDTRE
scheme and the p-DTRE scheme [1]. The router’s caching
load is the number of data units cached per unit time by
the specific router; the router’s decoding load is its number
of data units decoded from the encoded form per unit time.
Routers are divided into three groups: layer 1 routers (closest
to the servers), layer 2 routers, layer 3 routers (farthest from
the servers) (see Fig. 5).

Table III shows the loads of routers. The loads of layer 2
routers are lower than that of other servers, because of traffic in
both directions and other routers being closer to some servers.
Further, both the caching and decoding loads are lower in p-
DTRE than in SDTRE. If the decoding loads are divided by
the caching loads, then we can obtain the average times of each
data units that are cached by routers used to perform decoding
task, shown in Table III. The caching loads are positively
correlated to the cache replacement rate. Data units cached
by the routers in SDTRE are being replaced faster than that
in p-DTRE, resulting in SDTRE’s higher performance.
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TABLE III
ROUTERS’ LOADS

Caching Loads of Routers
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Fig. 9. Both average RE utility per decoding and cache usage rate in SDTRE
are larger than that in RS.

VII. CONCLUSION AND FUTURE WORK

We present the first mechanism for traffic redundancy
elimination in data center networks (DCNs). We are also the
first to consider cross-source redundancy to further improve
the performance of the RE mechanism utilizing broadcasting
of data centers. We proposed a framework called TREDaCeN

Layer 1 Routers Layer 2 Routers Layer 3 Routers
Scheme/Id 0 1 4 5 8 9 12 13 2 3 6 7 10 11 14 15 16 17 18 19
p-DTRE | 2.079 | 1.958 | 2.122 | 1.982 | 2.162 | 1.973 | 3.398 | 3.269 | 0.582 | 0.412 | 0.613 | 0.414 | 0.594 | 0413 | 0.58 | 0.324 | 2.294 | 2.468 | 2.481 | 2.775
SDTRE 2362 | 2.197 | 2.399 | 2.253 | 2.436 | 2.234 | 3.701 | 3.609 | 0.716 | 0.52 | 0.756 | 0.527 | 0.727 | 0.526 | 0.786 | 0.392 | 2.762 2.8 2.794 | 3.159
Decoding Loads of Routers
Layer 1 Routers Layer 2 Routers Layer 3 Routers
Scheme/Id 0 1 4 5 8 9 12 13 2 3 6 7 10 11 14 15 16 17 18 19
p-DTRE | 3.781 | 3.345 | 3.710 | 3.466 | 3.927 | 3.435 | 5.053 | 4.804 | 1.815 | 1.281 | 1.782 | 1.343 | 1.75 | 1.339 | 1.673 | 1.019 | 5.331 | 5.418 5.56 | 4.877
SDTRE 3.990 | 3.546 | 3.93 | 3.682 | 4.078 | 3.648 | 5923 | 5.649 | 1.871 | 1.391 | 1.892 | 1.449 | 1.869 | 1.443 | 1.866 | 1.145 | 5.732 5.75 6.107 | 5.124
Average times data units cached to perform decoding task
Layer 1 Routers Layer 2 Routers Layer 3 Routers
Scheme/Id 0 1 4 5 8 9 12 13 2 3 6 7 10 11 14 15 16 17 18 19
p-DTRE 1.819 | 1.708 | 1.749 | 1.749 | 1.816 | 1.741 | 1.487 | 1.488 | 3.118 | 3.108 | 2.905 | 3.247 | 2.948 | 3.244 | 2.884 | 3.142 | 2.324 | 2.1956 | 2.241 | 1.757
SDTRE 1.689 | 1.614 | 1.638 | 1.635 | 1.674 | 1.633 | 1.601 | 1.565 | 2.613 | 2.674 | 2.502 | 2.75 | 2.571 | 2.744 | 2.375 | 2919 | 2.076 | 2.054 | 2.186 | 1.622
1
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< Fig. 10. The broadcast efficiency comparison: SDTRE is better than FIFB.

in which interior nodes can broadcast their cache information,
and present both offline and online solutions. Simulation
results show good performance of our proposed algorithms.
Our results demonstrate that wireless communication is a
viable approach to achieve ‘centralized control” among servers
and routers and confirm the trade-off between the ‘logically
centralized’ control optimality and the overhead on handling
inconsistency distributed information in DCN. Our proposed
scenario and problem statement appears to be a good example
in support of emerging software defined networks concept.
Further research can address the impact of realistic physical
layer, such as lognormal shadowing model, instead of ideal
physical layer considered here (supported by close proximity
of servers and routers) on the robustness of the system.

In our TREDaCeN framework, we suppose that new data
units arrive at servers with only one desired routing path
that connects its source server to its destination. However,
in practical settings, e.g., in the fat-tree topology, there are
multiple paths between two servers. Thus expectancy matrix
could be defined between server pairs instead of path specific
ones. This multi-path problem is left for future work. Next,
some routing tasks of data units could be replaced by wireless
broadcast, which can save a lot of traffic cost in densely
connected DCN. However, this reduces the time and efficiency
of sending control messages when the bandwidth is insufficient
to support all the traffic. Furthermore, data units cached
by routers could be migrated among routers instead of the
current cache replacement scheme according to the traffic.

Authorized licensed use limited to: Tsinghua University. Downloaded on June 20,2022 at 07:21:22 UTC from IEEE Xplore. Restrictions apply.



CUI et al.: DATA CENTER NETWORKS WITH WIRELESS CARDS AT ROUTERS AND TRAFFIC REDUNDANCY ELIMINATION

The extensions of this work could provide further insights
into these aspects of the problem.
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