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Jointly Optimizing Throughput and Content
Delivery Cost Over Lossy Cache Networks
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Abstract— Cache optimization, i.e., determining the optimal
content placement and routing paths, is essential for obtaining
high performance of cache-enabled networks. This paper stud-
ies the problem of optimizing system throughput and content
delivery cost over cache networks with lossy links (i.e., ICN-
based wireless IoT systems), where content is divided into
packet-level chunks, and packets may be lost in transmission.
We first propose a new performance metric — the expected
overall content routing cost for satisfied requests (RCS), for better
characterizing content delivery cost under packet losses. RCS at
the same time possesses the attractive mathematical property of
super-modularity. We then formulate an optimization problem
for the task through jointly optimizing content caching and
request routing, and analyze it under fixed-routing scenario. The
formulated problem is NP-hard and we prove it is reducible
to the one of minimizing content routing cost without packet
losses. We establish rules for the reduction, and leverage existing
efficient algorithm to solve the problem. We also propose a
potential-based online algorithm that is simple and adaptive
to traffic changes and packet losses. The effectiveness of our
mechanism is validated through extensive simulations over a wide
array of network topologies.

Index Terms— Cache optimization, throughput, routing cost,
adaptive algorithm.

I. INTRODUCTION

RIVEN by the ever-increasing network traffic [3]

and the promotion/advancement of new technologies
such as 5G [43] and edge computing [39], [42], cache-
enabled networks have attracted a lot of attention in recent
years. Micro/femtocell networks, content delivery networks
(CDNs), peer-to-peer networks and Information-Centric Net-
works (ICNs) [5], [26], are some examples of cache-enabled
networks. A common feature of these networks is that in
addition to routing capability, network nodes are augmented
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with additional storage resources so that they can provide data
and act as content sources as well. This brings significant
performance benefits such as shorter delays, less congestion
and better mobility.

A fundamental research problem in this area is how to place
content items in cache nodes and how to route requests towards
them in order to maximize the network performance. This
problem, sometimes referred to as cache optimization [37], has
attracted a lot of recent studies. Examples include modeling
and characterizing caching dynamics [36], [46], design and
performance evaluation of caching mechanisms [10], [19],
to name a few. Among them, some treat content placement
and request routing separately, whereas others consider them
jointly.

A major issue with the prior work on cache optimization
is that they generally assumed perfect links (content delivery)
between nodes and ignored packet losses, i.e., a request for
content will always be routed to content sources and the corre-
sponding data will always be delivered back to the user/client,
which is not a realistic setting (see e.g., [24], [18]). In fact, it is
constantly reported that network failures and packet losses are
common events in real networks such as the Internet [35]. This
implies overestimated performance of existing mechanisms if
they were developed without considering these factors.

Another issue is that prior work generally focused on
optimizing network-side performance metrics such as overall
traffic routing cost, total network energy consumption. While
these are critical performance metrics of interest, we argue that
in some applications such as IoT systems [22], [30], mobile
computing [40], device-to-device (D2D) communications [27],
[28], client-side metrics are equally or even more important
due to the limited resources at the client-end. For example,
in a cache-enabled C-RAN architecture for IoT sensing ser-
vices [45], caching content at the edge not only alleviates the
network traffic, but also improves client-side performance as it
avoids activating sensors too frequently, which results in a low
energy consumption for transmitting sensed data. Obviously,
for these systems optimizing client-side performance is far
more important as system lifetime is usually determined by
client energy consumptions.

Motivated by the above limitations, in this paper we study
the problem of optimizing content delivery over a lossy
cache network, taking both user/client and network operator’s
interests into account. We consider a setting where content is
divided into packet-level chunks (e.g., NDN-like data [2] [47]),
and packets (request or data) may be lost in transmission
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between nodes due to congestion, node mobility, media errors.
We take system throughput as a key performance metric to
capture client-side interest, for the fact that a high throughput
usually implies less packet transmissions and low energy
consumption. Note that an interesting problem lies here as
it remains unclear how to maximize throughput in a cache
network. This paper provides theoretical analysis and an
algorithmic solution to this interesting problem.

Furthermore, we take overall routing cost to capture network
operator’s interest. Our simple analysis shows that optimizing
this performance metric in a lossy environment is challenging,
since it brings two new problems: 1) it would drive the network
to forward requests over links with high packet loss rate, which
is not acceptable in real network, and 2) it does not necessarily
guarantee attractive mathematical properties that facilitate us
to design efficient solution mechanisms.

In this paper, we study the problem of optimizing through-
put and content routing cost over a lossy cache network such
as ICN-based wireless IoT system [7]. We propose a new
performance metric that tackles the problem we observed in
our analysis, and formulate an optimization problem with the
two performance metrics taken into account, through jointly
optimizing content caching and request routing. We theoret-
ically analyze the problem under fixed-routing scenario, and
propose online algorithmic solutions to the problem.

More specifically, we make the following contributions:

1) We analyze the metric of content routing cost in a lossy
cache network, and find that directly optimizing this perfor-
mance metric without explicitly considering packet losses in
network will result in a low throughput as it would drive the
network to forward content items along paths with high loss
rate, which is not acceptable.

2) We propose a new performance metric — the expected
overall content routing cost for satisfied requests (RCS), that
reflects both the heterogeneous routing cost and packet loss
rates over links. We prove that RCS possesses the attractive
mathematical property of supermodularity. This allows us to
obtain solutions with provable performance guarantees by
leveraging existing efficient algorithms, i.e., within (1 —1/e)
from the optimum [4].

3) We formulate a problem for maximizing a weighted sum
of throughput and routing cost gain (using RCS) in a lossy
cache network, through jointly optimizing request routing and
content caching. We prove that the problem is NP-hard in
general, and analyze it under fixed-routing scenario, i.e., when
the path to deliver each request/item is fixed. We then prove
this problem can be reduced to the original problem of
minimizing content routing cost alone in a network without
packet losses, by adopting the concept of “virtual weight”.
We present rules for the reduction, and further demonstrate
how the existing projected sub-gradient ascend algorithm can
be adapted to solve our problem with provable performance
guarantees.

4) We observe that the existing distributed online algorithm
has some drawbacks, i.e., additional traffic routing cost is
incurred in cache reshuffling, and then propose a new poten-
tial-based online algorithm that is simple and adaptive to
changes and packet losses. This algorithm is fairly general as
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Fig. 1. A general cache network.

it allows us to optimize other performance metrics in content
delivery as well, through properly defining potentials.

5) We evaluate our proposed algorithm as well as the
adapted sub-gradient based algorithm through extensive sim-
ulations. Results indicate that they are effective under a wide
array of network topologies and system settings, with different
cache replacement policies and path replication strategies.
For example, as compared to traditional caching algorithms
such as LRU, our potential-based algorithm improves system
throughput by up to 18%, and reduces content routing cost by
as much as 50%, under the single-path routing scenario with
severe packet losses.

The remainder of this paper is organized as follows.
In Section II we introduce our model and present analysis and
insights of the two performance metrics. We then formulate
the joint throughput and content delivery cost optimization
problem. In Section IIT we prove fundamental properties of the
formulated problem under the fixed-path routing scenario, give
rules for problem reduction and also elaborate the algorithmic
solutions. In Section IV we present numerical results via
simulations. Section V reviews related work and we conclude
the paper in Section VL.

II. MODEL AND PROBLEM DESCRIPTION
A. Model

We consider a cache network represented by a graph
G(V, E) as shown in Fig 1, where V' denotes the set of nodes
and F is the set of edges between nodes.! Each node v € V
is equipped with some cache resource of size C,,. The set of
content items distributed over the network is denoted by C.

The network serves user requests by forwarding them to
content servers. For each content item ¢ € C, let S; be the set
of nodes (content servers) that permanently store 7. The set of
all content servers is denoted as S = UiEC S;.

A request is forwarded until either it reaches a content
server, or an intermediate node with the requested item in
cache. Once this happens, the requested item is then sent
back to the user along the same path in reverse direction.
We characterize each request by a tuple (7, s), where i € C
is the item requested, and s € V is the source node where
the request originates. The set of all requests is denoted by
R C C x V. We assume requests for item 4 at source node
s arrive independently and that they follow a Poisson process
with rate A(; ).

'We use node, router and cache interchangeably throughout this paper.
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In this work, we consider content items are of equal packet-
level sizes (i.e., as NDN-like [2] [47] data), which implies that
each node v can hold at most (), items. We associate each
node v € V with a vector X, = [x,;] € {0,1}/€, where x,;
denotes whether node v caches item 7. These variables satisfy
the following cache capacity constraint:

me <C,, forallveV\S. (1)

ieC
Note that for each request (i,s), there are potentially
multiple paths that direct it to content servers. Let P(; o) be
the set of routing paths for (i,s). Each path p € P, is
comprised of a sequence of nodes (pi,p2,...,px) of length
|p| = K — 1, where p1 = s, px € S, and (pi,pr+1) € E
for kK = 1,2,..., K — 1. We further assume that (7,s) is
well-routed, that is: 1) p is loop-free, and 2) pr ¢ S; for

k=1,2,...,K — 1, i.e., only the last node in p is a content
server for 7.
Let 75y = [F(i,s)p] € {0,1}/P6.»| be a routing vector

for each request (i,s), where r(; ), denotes whether path
p € P, is selected to forward (i, s), i.e., 7(; 5, = 1 When
p is selected. To ensure that every user request is forwarded,
these routing variables should satisfy:

> Tsp =1 forall (i,s) € R. 2)
PEP(i,s)

To make our model more realistic, we consider networks
with lossy links, where packets (either request or data) may
be lost in transmission. While a number of factors (e.g.,
congestion, media errors, or node mobility) can cause packet
losses and precisely predicting packet loss event is out of the
scope of this work, we assume packet loss events over a link
and across links are independent, and simply adopt f;; € [0, 1]
— the packet loss rate over link (7, j) € E, to characterize the
probability that a packet will not be successfully delivered over
(4,7) in transmission.

A consequence of lossy links is that requests for items may
not be satisfied? and users will then have to re-issue them
to fetch the content, which incurs extra network cost. From
users’ point of view, more requests for the same content item
also implies higher energy consumption and longer delays.
As a result, the rate of requests satisfied by network given
user demand, also referred to as system throughput, becomes
a key performance metric to optimize. Note that as compared
to traditional networks, a cache network should provide more
opportunities for requests to be satisfied and hence more
throughput. But questions such as what is its performance
under a lossy environment, how much improvement a lossy
cache network can provide and how to maximize the through-
put, remain unsolved.

In addition to system throughput, we also consider network-
side metric, i.e., content routing cost. Optimizing this perfor-
mance metric in a cache network has been well studied (see,
e.g., [24], [25], [34]), and both centralized and distributed solu-
tions have been proposed. However, we observe that in a lossy

2By being satisfied we mean that a request is responded by some node and
its corresponding data is received at the source node.
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TABLE 1
MAIN NOTATIONS

G(V,E) Network graph with node set V' and edge set E

C Set of content items

Cy, Cache capacity at node v

Si Set of content servers for item i € C

S Set of all content servers

(i, s) A request for content item i that originates at node s
A(i,s) Request rate for content item i at node s

R Set of all requests

Pi.s) Set of routing paths for request (i, s)

Wyv Weight of edge (u,v) € E

Juv Packet loss rate over link (u,v) € E

Xyi Caching var. denoting whether node v caches item i
T(i,s).p Routing var. denoting whether (i, s) is routed over path p
TP(r,X) Throughput under routing strategy r & caching strategy X
RCS(r,X) The expected overall cost for satisfied reqs under r and X

environment the problem becomes very different and challeng-
ing to solve. In particular, the very property of sub-modularity
of the objective function in formulated optimization models,
which is the key to derive efficient solution mechanisms [25],
[41], no longer exists. Furthermore, as we show in the later
section, directly adopting existing performance metric would
drive the network to forward requests over those links with
high packet loss rates, which is obviously unacceptable in
practice.

In this paper, we seek to answer the aforementioned ques-
tions by formally addressing the problem of optimizing content
delivery over a cache network with lossy links. Specifically,
we propose a new network-side performance metric, which
not only can reflect the heterogeneous content routing cost
and packet loss rates over links, but also possess attractive
mathematical properties that facilitates us to design efficient
solution mechanisms. We take the system throughput and con-
tent routing cost for satisfied requests as two key metrics for
the design and optimization. Our goal is to maximize system
throughput over a lossy cache network while at the same
time, keep the overall content routing cost for the satisfied
requests as low as possible, by jointly optimizing content
caching and request routing. We consider both centralized and
distributed/adaptive solutions with optimality guarantees.

B. Problem Formulation

Let X = [zyi]vev, icc and 7 = [r(;5) pl(i,5)er pep; ., e
the global caching strategy and routing strategy, respectively.
To calculate system throughput, we first focus on an arbitrary
request (4,s) € R routed over a path p € P(; ), as shown
in Fig. 2. Since p is well-routed, a node py, in p can serve (i, s)
if and only if the following conditions hold: 1) the request
(i, s) is successively delivered to node py; 2) all cache nodes
preceding py, i.e., p1, p2, .., Pk—1, do not hold item %, and
3) node py has 7 in its cache. The probability that (i, s) is
delivered to py, is H;:ll(l — Jppis,)- Once node py, serves
(i,s), a data packet is generated. The probability that this
data packet will be delivered back to s is Hé:ll(l — fpiiam)-
As a result, the probability that (7, s) is satisfied by p; can be
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Request: (i, )

Fig. 2. A request (7, s) is forwarded over path p = (p1, p2, ...
responded by node pg.

,pK) and

f,=01 £, =09  £,=05  fi,=0

O—O—>O—>O—

fu=fo=fu=Fua=0 Wy =wy =w,=w, =1

Fig. 3. A path network. Source node 1 generates request for one item to
end server 5. Node 2, 3, and 4 are cache nodes that can only accommodate
1 item.

expressed as follows:

k-1
PR(z s),p,k (X) = H (1 - fpzpz+1)(1 - fPlJrlPl)
=1
X (1 - xl)zi)mmi' 3)

The probability for (i,s) being satisfied over path p can be
given by summing over all nodes in p:

PR p(X) = Z PR ¢) pi(X), 4)

and the probability for (i,s) being satisfied by network is
therefore:

[p|

T(i,5),p Z PR(i,s),p,k(X)- (5)

k=1

PR(i,s) (7”, X) =

>

PEP @, s)

System throughput 7'P(r, X') then can be derived as:

TP(r,X)= Y Ais X PR X). (6)
(i,8)ER
Let
k—1
A(ka> = H (]‘ - fmpz+1)(1 - fpl+1pz) (7)

=1

be the probability that a request responded by node pj, in path
p gets satisfied, and Iy be a constant defined below:

Yo Ao D L= Ag) (8)

(’L,S)GR pe’P(,ﬂ,)s)
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then
Io - Z /\(ias) —TP(r,X)
(i,5)€ER
Do A | D = Ag)
(i,5)ER PEP(i,s)
(1= Y 9w X PRagpX)[. O
PEP(i,s)

It is not hard to see that Iy is an upper bound of

> ser Ais) — TP(r,X), and maximizing T'P(r, X) is
equivalent to maximizing Io — (3_; s)er (i) — TP(r, X)).
For this reason, we define Io — (3_; sjer Agi,s) — TP(r, X))

as the throughput gain due to in-network caching and path
selection.

Next, we consider content routing cost. Following the
common practice, we ignore the routing cost for each request
and only consider that for response/data packets. Let w;; > 0
be the weight of link (¢, 7), which denotes the cost (e.g., delay,
energy) of delivering a data packet over (¢, 7). Once the data
to request (7, s) is generated by node py, the expected routing
cost for delivering it back to the source node over path p can
be calculated as:

k
RC(v 5),D, k (Z Wp pr—1 H (1 - fpnpnl)>
m=2 n=m+1
k—1
(H(l - mpzi)mpki) ) (10)
=1

Incorporating the probability that (i,s) is delivered to py,
we have the expected routing cost incurred by (i,s) over p
as:

- k-1

RC; 5),p( Z RC; ) p,i(X) x H (1- fp:pm)} ,
— =1

(11)

We want to note that the above definition of routing cost
brings significant challenges for us to optimize as it does
not necessarily guarantee good mathematical property which
helps devise efficient solution mechanisms. More specifically,
depending on the values of packet loss rates and weights
over links, the attractive property of sub-modularity or super-
modularity, which is the basis of existing solution mechanisms,
may not exist.

To illustrate, consider the example in Fig. 3 where node 1 is
the source node generating requests for an item hosted at node
5 (content server). Node 2, 3 and 4 are cache nodes that can
hold only one item. Let X = {0, 1}!*3 be the item placement
over the 3 cache nodes. We have RC; ) ,([0,0,0]) = (1 —

f12)(1 — fa3)(1 — f34)(wsa + waz + wse + wer) = 0.18,
RC(i,s),p([L 1,0}) = RC(i,s),p([1707o]) = (1 — le) X wo1 =
0.9, RC(;,6)5([0,1,1]) = RC(; 4 ,([0,1,0]) = (1 = fi12)(1 —
f23)(11)32 + ’w21) = 0.18, RC(LS)_’p([O,O, 1]) = (1 - f12)(1 -

F23)(1 — f34)(waz + w3z + woy) = 0.135.
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Note that RC(; 4),(X) can also be expressed as a set func-
tion RC(; ) ,(Ux) with the support of the binary vector X
being the set Uy, i.e., RC(i,s),p({27 3}) = RC(Z"S)J)([O, 1, 1})
The above example indicates that RC(; ) ,(Ux) is nei-
ther a sub-modular set function nor a super-modular
set function since RC(; ) ,({2,4}) — RC( s p({4}) >
RC(i,s),p({27374}) - RC(i,s),p({374})’ RO(L,.S),IJ({2}) -
RC(i,S),p(¢) < RC(i,S),p({2v 4}) — Rc(i,S),p({4})'

Another problem when we use RC; ,) ,(X) is that it would
drive the network to forward requests over links with high
packet loss rates. For the above example, the optimal solution
is that node 4 caches the item. This solution, however, implies
that only 4.5% requests can be satisfied, whereas caching the
item at node 2 would satisfy 90%.

To overcome the above limitations, in this paper, we propose
a new network-side performance metric, the expected overall
routing cost for satisfied requests (RCS for short hereafter),
that captures both the content routing cost and user requests
satisfaction. Assume that users will re-issue requests whenever
a request or a data packet is lost in transmission. Then

. k—1 Wp,, _ . .
the quantity > _, H’“’;Ic’lT(niJr—l;: ;p L which characterizes
n= n n

content routing cost when (i, s) is responded by node p,
corresponds to the expected content routing cost incurred for
(i,s) until the request gets satisfied. We define RCS as the
expected overall content routing cost when all user demands
are satisfied, which can be expressed as:

|
RCS(r,X) = > Niw) D, TGowy,
(i,s)ER p€77(,¢,,5.> k=1
k—1 w
x Z kimzicl—m"'lpk—m >
(m:l n=1 (1 - fpn+1pn)

12)

k—1
X (H(l - xpzi)xpki) .

=1

The mathematical derivation of RCS is as follows. Let
us again consider the request (7,s) routed over path p and
responded by node pj. Recall that the expected routing
cost for deliverin% the data back to the source node is

an:E Wprpm 1 [ nems1(1 = fpup._1)- We divide it by the
probability that this request gets satisfied when the response is
generated by node p, that is Hﬁ: (1 = fp.i1pn)> and denote
this quantity by RCS(; 4 p.1(X):

k k
Zm=2 wpmpm—l Hn:m+1(1 - fpnpn—l)
k—1
Hn=1 (1 - fpn+1pn)

k—1
X (H(l - xpﬂ)‘%ﬁd‘)

=1

k—1
_ wpk—m+1pk—m
- : : k—m—1

m=1 1ln=1 (1 - fPrn,+1Prn,)

k—1
X (H(l - xpzi)xpki> :

=1

Rcs(i,s),p,k (X) =

(13)
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RCS for (i, s) being satisfied by path p is defined as:

[p|
RCS(i,S),p(X) = ZRCS(i,S),p,k(X)’
k=1

(14)

and that for (i, s) being satisfied by network is then:
RCSi(r,X) = Y 7(sp % RCSig (X)), (15)

PEP(i,s)

RCS for all requests in network is therefore:

RCS(r,X) = > A x RCS(4(r, X),
(i,9)ER
which turns out to be Eq. (12).

Lemma 1: RCS(r,X) is supermodular.

Proof:  Since RCS(r,X) is defined as the summation
over all request packets and all delivery paths, it suffices to
prove that RCS is supermodular for each request that delivered
over a path. Let S; and S be the set of nodes in path p
holding item i, S1 C S3, and Ng, (Ng,) be the node in
S1 (S2) which is closest to the source node s. We denote
Ngs, = Ng, to refer to the fact that Ng, is not farther
away than Ng, from the source node. Due to the caching
effect, we have RCS(; 5)px(S1) = RCS( 6)p({Ns,}),
RCS(;,6),pk(52) = RCS(; ¢) p,e({Ns,}). Meanwhile, since
RCS is monotone (see Eq. (13)) in terms of caching positions
of the delivery path, Ng, < Ng, = RCS(; s pi(S2)
RCS(i,s),p,k(Sl)'

Let v be a node in path p and v ¢ Ss. If Nyyy 2 Ng,
Ng, , then Nslu{v} = Ns2u{v}, and RCS(i’S),p7k(Sl U{’U})
RCS(i ) pi(S2 U {v}), then we have RCS(; g p k(51
{v}) = RCS(i 5 pu(S1) < ROS(6)pr(S2 U {v}) —
RCS(i,s),p,k(S2)- If Ns, = Ngy3 =X Ng, then
RCS(i,s),p,k(Sl U {U}) - Rcs(i,s),p,k(sl) < 0
RCS(i,s),p,k(S2 U {’U}) - RCS(i,s),p,k(S2)‘ If NSz = N51
Nivy, then RCS(; 6)pk(S1 U {v}) — RCS(; 6 pk(S1)
RCS (i) p.k(S2 U {v}) — RCS(i 6) p,k(S2) = 0. Summariz-
ing all the above three cases, we have RCS(; g p 1(S1 U
{v}) = RCS(is)pk(S1) < RCS( s px(S2 U {v}) —
RCS(; 6),p,1(52), which implies supermodularity. ]

Let C(;,5),, be the expected content routing cost when
request (¢, s) is responded by the content server at the end
of path p, i.e.,

(16)

IN

[@INIENPN

[N

Clnp = 3. imstaee ()
m=1 H!flzl (1 - fpn+1pn)
and Cj be a constant given as follows:
Co = Z A,s) Z Cli,s),p- (18)

(i,8)ER PEP(i,s)

Similarly, we can see that Cy is an upper bound of RC'S(r, X),
and Cyp — RCS(r, X) is the routing cost gain due to in-
network caching and path selection.
Lemma 2: Minimizing RCS in a lossy cache network can
be sub-optimal when the goal is to maximize throughput.
Proof: We prove the lemma by giving a simple example
as shown in Fig. 4. The example is about two source nodes
generating requests at the same rate to two end-servers through
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Fig. 4. A simple cache network. Source node s1 (s2) generates request for
one item to end servers ¢1 (t2). Intermediate node w can only accommodate
1 item. Wiyu = l,thu =5, ftlu = 0~3,ft2u =0.1.

a common cache node u which is able to accommodate
1 content item. Source node u; (u2) continually issues requests
to item c¢; (c2) hosted at end-server ¢; (t2). Denote by wy,
(w¢,y,) the content routing cost of delivering an item over link
(t1,u) ((t2,u)), and fi,4 (ft,u) the corresponding packet loss
rate over links. Set w¢,, = 1, Wiy = 5, fryu = 0.3, fron =
0.1, and assume content routing cost and packet loss rates
over other links are identical. It can be easily verified that
to minimize RCS we should have node u cache the item cs.
However, c; should be stored at w if our goal is to optimize
throughput. O

The above example shows that optimizing throughput and
minimizing RCS are two different goals, and sometimes they
can even be in conflict. A natural question then arises as how
to optimize content delivery over a lossy cache network with
both metrics taken into consideration, i.e., maximizing system
throughput while at the same time, keeping the overall routing
cost as low as possible, and balance them whenever required.
Formally, we can formulate the MAX-TP-RCS as the follow-
ing optimization problem with the objective function being the
weighted sum of the throughput gain (I — Z(i,s)eﬂ i) T
TP(r,X)) and routing cost gain (Cy — RCS(r, X)), which
is:

Max: ax [lo— Y A +TP(r,X)]
(i,s)ER
+(1—a)x[Cy— RCS(r,X)]
subj. to: (r, X) € D

(19a)
(19b)

where D is the set of (r, X) satisfying the following routing,
capacity and integrality constraints:

> @y < Cy, forallveV\S, (20a)
ieC
> rawp =1, forall (i,s) € R, (20b)
PEP(i,s)
Ty € {0,1}, forallieCandv eV, (20c)
Ty = 1, forall i € C and v € S;, (20d)

Ti,s)p € 10,1},  forall (i,5) € R and p € P(; ).

(20e)
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and o € [0,1] is a constant denoting the relative weight
between the throughput gain and the routing cost gain. When
a = 0, the problem becomes that of minimizing the expected
overall routing cost, while o = 1 means the goal is to
maximize throughput.

Problem (19) is combinatorial in nature and is NP-hard
as we can prove it later. In a network with a large set of
nodes and content items, it is prohibitively costly to obtain
exact solutions. Furthermore, centralized mechanisms only
work when all parameters are given a prior, which may not be
possible in real networks (i.e., network topology may change
and demand variation frequently occurs). Therefore, we seek
distributed algorithms that adapt to these changes and at the
same time, provide theoretical performance guarantees.

III. SOLUTION
In this section, we analyze problem MAX-TP-RCS under

fixed-routing scenario, i.e., when request routing is both fixed
and deterministic, and derive its algorithmic solutions.

A. Analysis

Without loss of generality, under fixed-routing scenario we
assume each request (i, s) is forwarded solely over a path
P = P(i,s)- The problem MAX-TP-RCS then reduces to MAX-
TP-RCS-FR? as follows:

Max: « Z i) [PRi,s).p(X) — A, 1p))]

(i,9)€ER
+(1=a) D A (Clusyp—ROS(i0) (X))
(i,9)€ER
(21a)
subj. to: (20a), (20c), (20d) (21b)
where A, |,|) is given by Eq. (7).

Theorem 1: Problem MAX-TP-RCS-FR is
equivalent to Problem: maxF(X) with the same
constraints (20a), (20c), (20d), where:

Ip|—1 k

F(X)= Y Aiw 2 Bow(d ][0 —2p1) 22

k=1 =

(i,8)€ER 1

and
(1—-a)x Wpy 1Pk

;:11 (1 - fpz+1pz)
(23)

Bipwy = ax (Apr) — Aprt1)) +

Proof: Let D' be the feasible solution set given by
constraints (20a), (20c), (20d), and G(X) be the objective
function of Problem MAX-TP-RCS-FR. Since the two prob-
lems have the same constraints, the theorem holds if G(X) =
F(X),VX € D'. We next show that this is indeed the case.
Denote by G ; s),1(X) and I{; 4) 1 (X) be the contribution to
F(X) and G(X) respectively when (7, s) is served by node
pr in path p, i.e., when 2, = ... = xp, ;s = 0, Ty, = 1.
Then it can be easily verified that G(; 4 1(X) = F(; 5),1(X),

3Here FR stands for fixed routing.
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k=1,2,...,|p|. The proof completes since both G(X) and
F(X) are separable in terms of requests. |
With the new objective function F'(X), we now compare
MAX-TP-RCS-FR to existing optimization problems in cache
networks that deal with optimizing some performance metrics
with demand distributed across the network, i.e., the one that
minimizes the overall routing cost. Recall that the task of
minimizing routing cost in a cache network (but with no packet
losses) given fixed routing paths can be cast as the following
problem of maximizing the caching gain (MAX-CG) [24]:

Max: Z A(i,s)

[p|—1 k

Z w/karlPk(l - H (1_$Pk/i)) (24a)
k=1

(i,s)ER k=1
subj. to:  (20a), (20c), (20d) (24b)
where w;Hlpk is the weight* of link (ps11,px) € E.

The following theorem shows that by allowing weights to
be set w.r.t each request and as a function of packet loss rates
and actual weights over links, there exists a polynomial-time
reduction from Problem MAX-TP-RCS-FR to MAX-CG.

Theorem 2: Problem MAX-TP-RCS-FR and MAX-CG can
be transformed to each other at polynomial time complexity.

Proof: We prove by first showing that through properly
assigning weights to edges w.r.t each request in problem
MAX-CG, we can transform MAX-TP-RCS-FR to MAX-CG.
Note that the objective functions of the two problems have
the same form. Furthermore, constraints of the two problems
are also the same. As a result, transformation from MAX-TP-
RCS-FR to MAX-CQG, if possible, can be derived by enforcing
the following equations for each request (i, s) € R:

'(i,5)
Pk+1DPk

(25

w sl =1

=Bpr,k=1,2,--

Since B, ) > 0, we can see that for each path p, there
exists {w;(:fl)kl} > 0 that can be efficiently computed at
time complexity O(|p|). As a result, MAX-TP-RCS-FR can
be transformed to MAX-CG, and it takes O(|R| x [p|) for
transformation. Note that the weights are w.r.t each request
while they are the same for all requests in the original MAX-
CG problem.

Next consider the reverse direction, that is, to transform
MAX-CG to MAX-TP-RCS-FR. We look at the following
equation:

B(p,k) :w;k+1pk>k:1727"' ’|p|_1 (26)

It is clear that this equation always hold by setting in B, 1)
a =0, fpope = 0 and wy,,,p, = wy, , for each
(pk+1,pk) € E. As a result, MAX-CG can also be trans-
formed to MAX-TP-RCS-FR, and it takes time O(|E|) for
transformation. The proof completes.
(]
Remark: The proof of Theorem 2 is in fact based on the
concept of “virtual weight”. Together with Theorem 1 we can
always define and obtain such non-negative virtual weights as
long as the per-path metric (i.e., RCS, throughput) is defined in
a way that it is monotone along the path. The non-negativeness

4We use w’ and w to denote weight of edges in problem MAX-CG and
MAX-TP-RCS, respectively.
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of the virtual weight also helps approximate the optimization
problem and further develop distributed/adaptive algorithms
as we show later.

Based on Theorem (2), we immediately have the following
results:

Theorem 3: Problem MAX-TP-RCS-FR is NP-hard, and so
is MAX-TP-RCS.

Proof: This is due to the fact that MAX-CG is NP-
hard [24], and MAX-TP-RCS-FR is a special case of MAX-
TP-RCS. 7

Theorem 4: There exists approximate algorithm with factor
(1 —-1/e) to MAX-TP-RCS-FR.

Proof:  This is because MAX-CG can be solved in
polynomial time within (1 — 1/e) approximation [24], and
MAX-TP-RCS-FR is reducible to MAX-CG. 2
Sub-gradient based Algorithm: S. Ioannidis and E. Yeh [24]
propose a distributed and adaptive algorithm for solving MAX-
CG that converges to caching gain within (1 — 1/e) factor
from the optimal. The key idea of their algorithm is to first
approximate MAX-CG with a convex optimization problem,
as follows:

Max: Z Adi,s)

(i,s)ER

[p|—1 k

Z Wy, p,min{1, Z Ypoi} (27a)
k=1

k'=1

subj. to: Y € Dy (27b)
where D; represents the following constraints:
Zym <C,, forallveV\S, (28a)
ieC
Yvi € 10,1], forallieC andv €V, (28b)
Yyoi =1, forallieC and v e S; (28¢)

They then approach the optimal solution by performing
projected gradient ascend. As the objective function is not
differentiable, a sub-gradient is used instead and estimated
online. The desired content placement is obtained through
state smoothening followed by a cache reshuffling step. Since
MAX-TP-RCS-FR is reducible to MAX-CG, the same algo-
rithm, under appropriate adaptations, can be used to solve
MAX-TP-RCS-FR in a distributed and adaptive manner with
the same optimality guarantees.

Recall that to transform MAX-TP-RCS-FR to MAX-CG,
the weights of edges in MAX-CG needs to be properly
configured according to Egs. (25), while in the original MAX-
CG problem they are fixed and are given a priori. Also observe
that the network topology, routing paths and demands remain
unchanged. This implies that the only challenge we need
to address is how to correctly configure (virtual) weights of
edges in a distributed and on-the-fly way, and make necessary
adaptations in all computations involving weights (Luckily,
as we can see later, the only adaptation lies in estimating
sub-gradient as a function of packet loss rates and actual link
weights). We elaborate the details below.

(1) As usual, each node v keeps as its state the probability
that each content item 7 € C is stored in cache, denoted
by y»i € [0,1]. Also denote by k,(v) the position of
node v in path p, i.e., py = v if ky(v) = L.
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(2) Each request and data packet are associated with a con-
trol message (we call them request-control-message and
data-control-message respectively, as depicted in Fig. 5),
which is used to record packet loss rate over links
that the message traverses. Data-control-message also
includes weights of links as it flows.

A request-control-message is generated whenever a
request (i, s) is fed into the network and it flows in the
same direction as the request. Once a request-control-
message arrives at node v by traversing the link (u,v),
the link loss rate f,, and fy, will be added by u or v
in the message (we assume that these information is
local to each node, i.e., each node maintains all its
link states). The request-control-message is propagated
over path p = p(; ) until it passes a node u such

3

that S°F("y . > 1, or u is a content server. Once
this happens, a data-control-message is generated by u
and all information (packet loss rates) recorded in the
request-control-message are copied into the data-control-
message.

The data-control-message flows in reverse over the path.
Once a data-control-message arrives at node v by tra-
versing the link (b, v) € E, the link weight wy,, is added
in the message.

Time is divided into intervals of length ¢. In every
interval each node v on path p learns a quantity %,;
based on all the data-control-messages it receives:

“

&)

E 0 e Iy
/= K 1Pk Yp, i <1
Lo — 1=1Yp; (29)
v N (u, v)
where
kp(u)—1 kp(0)—1
Np(uvv) = H (1- fpzpz+1) H (1- fPH—lI)l)
=1 I=kp(v)
(30)

and u is the node generating the data-control-message.
Note that with the information (packet loss rates and
weights) contained in each data-control-message, t,,; can
be computed online according to Eqgs. (29) (30) (25).
At the end of each interval of length ¢, each node v
computes the following estimate for each content ¢ € C:
1
P

teTy;

(6)

(31

Zvi =

where 7,; is the set of t,;’s collected in a time interval.
Node v then updates caching probability as follows:

k+1 (32)

Yvi 7DD1 (?Jqli + nkzvi)

where 71, > 0 is the step size and Pp, is the projection
to domain D;.

Theorem 5: Let 2z, =

Wi g ) [Z’UZ}'LGCV L(Y) =
Z(i,s)en)‘(ivs) kpzl Pklfmkmm{l Zk/ 1Ypyits  then

we have E[z,(Y)] € 9,,L(Y), ie., E[z,(Y)] belongs to the
sub-gradient set of L(Y).

Proof: It has been shown in [24] that in problem
MAX-CG we have E[z,(Y)] € 9, L(Y) when t,, =
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Request-control-message:

{UDR (fmp fpm ")

v “““

Data-control-message:
{G@9), (fplpz > fpm . fpkflpk > fplﬂpk ) (w Wpeoes> Vperpis )

Fig. 5.
message.

A request-control-message and its corresponding data-control-

|P‘_1 w/(i-,s) 1
=kp(v) PK +1Pk! l_ly i <1°
con51der1ng packet losses of control- -messages. More specif-
ically, note that when each request (i,s) from user is fed
into the network, a request-control-message is generated. The
probability that a corresponding data packet arrives at node v,
denoted by N, (u,v), is then given as Eq. (30). Dividing each
measurement t,; by this probability thus gives an unbiased
estimator for a sub-gradient. J
Similarly, we can prove this algorithm converges. All the
other steps are keep unchanged and we therefore suggest
readers refer to [24] for more details.

The theorem follows by

B. Potential-Based Adaptive Algorithm

The algorithm presented above has some drawbacks as
caches are only updated at the end of each time interval.
Moreover, cache reshuffling incurs additional routing cost for
uncached items if they are to be cached. In this subsection,
we propose a potential-based online algorithm that each node
in network makes caching-decisions locally upon the arrival
of individual content items.

Algorithm Overview: In the proposed algorithm, each node
v maintains a quantity Q,; for each item ¢, which we call
potential. (Q,; is initialized as zero and is updated whenever
a new request for item ¢ or the corresponding data packet
arrives, according to Rule 1 and Rule 2 given below. Node v
then calculates caching probability for item ¢ when it is to be
cached and evicts items based on their potentials, according
to Rule 3.

Rule 1: When a request (i, s) along path p arrives at node v,
Q. is updated as follows:

kp(v)—1

Quvi = Qui + H 1= fopi)(1 (33)
=1

- fpz+1pz)

Rule 2: When a data packet ¢ is generated by or arrives at
node v along path p (in the reverse direction), Q),; is updated
accordingly:
Quvi = Qui + (1 — a) (mgx RT_COST(u) — RT_COST(v))
u€p
(34

where RT_COST(u) is defined as the actual routing cost if ¢
is cached at w:

kp(u)— kp(u)—1
RT COST Z wpm+117m H (1 - fpl+1pl) (35)
l=m-+1
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Fig. 6. DSR and ADC for different topologies and caching algorithms under single-path routing scenario, with skewness parameter v = 0.8.
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Fig. 7. DSR and ADC for different topologies and caching algorithms under single-path routing scenario, with skewness parameter v = 1.2.
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Rule 3: Whenever a new content item ¢ arrives at node v and
there’s no room for it, v calculates the caching probability ¥,,;
for i based on Q,;’s:

_ Qvi
Qvi + ZjECU ij

where C, is the set of items cached in v. If the decision is
to cache 7, then the item j with the least potential in node v,
ie., j = argmin;co Qui, is evicted.

Remark (key insights behind potential-based algorithm): 1)
As each node updates potentials for each item whenever a
request or a data packet flows, the more popular an item,
the larger potential of it, and hence the larger caching
probability. 2) Eq. (33) captures the throughput gain if item 1
is cached at node v. As a result, it is preferable to cache items
with large throughput. 3) Eq. (34) captures the actual routing
cost gain’ if i is cached at v. Therefore, the larger routing
cost gain of an item, the larger caching probability for it.

Yui (36)

IV. NUMERICAL EVALUATION

In this section, we show the effectiveness of our proposed
algorithm on improving system throughput and reducing net-
work routing cost, and evaluate its performance by performing
numerical simulations over a wide array of network topologies.

A. Evaluation Setup

We implement our potential-based online algorithm as well
as the adapted projected gradient ascend algorithm on an open-
source cache network simulator — CacheNetwork [1],
and compare their performance with three traditional caching
algorithms (LRU, FIFO and Random) and two recent pro-
posals (MBP [44] and MAGIC [38]). We adopt three path
replication policies — LCE (leave copy everywhere), LCD
(leave copy down), and probabilistic caching (ProbCache,
with caching probability 0.1). Both single-path and multi-path
routing strategies are investigated. We consider the following
two performance indexes.

(1) Demand Satisfaction Ratio (DSR): This is the proportion
of users’ requests satisfied by network. Given demand and
network topology, the larger DSR, the higher throughput, and
vice versa.

(2) Average Delivery Cost (ADC): This is the average content
routing cost per request. Since RCS is hard to capture in
network, we use this performance index to reflect the overall
content routing cost in simulation.

Network Topologies: We use a wide array of net-
work topologies for evaluation. Among them, cycle,
balanced_tree, barabasi_albert, erdos_renyi,
watts_strogatz are synthetic ones whereas abilene,
dtelekom, geant represent real ones. The parameters of
these graphs are chosen according to [25] (see section 7), and
the weight of each edge is u.a.r (uniformly and randomly)
selected from [1, 2]. Furthermore, each edge is configured as
a high-loss-rate link with probability 30%, and low-loss-rate

SWe define the routing cost gain as in Eq. (34) since routing cost under
packet losses is no longer a monotone function of the node position along
delivery path.
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link with probability 70%. The packet loss rate of each low-
loss-rate link and high-loss-rate link are u.a.r selected from
[1%, 5%] and [25%, 30%], respectively [13]. Note that these
settings represent networks with sever packet losses.

Workload Model: For each topology represented by graph
G(V,E), we associate a catalog of content items with size
|C| and assume they are hosted by nodes randomly picked
in V. We then randomly select a set Q of nodes from V'
as source nodes that generate a set R of requests with a
Zipf distribution with skewness parameter . For single-path
routing scenario, each request for a content item is routed over
the shortest path to a content server. For multi-path routing
scenario, we configure that there are 3 paths for each pair
(source node, content server), and each request from source
node to content server is randomly routed using one of these
paths. The rate of each request is set as A;5) = 1 req/sec.
Moreover, the sampling time for the projected gradient ascend
algorithm is chosen as 7" = 30 sec, and the simulation time
is 5000 sec. For fair comparison, all parameters of network
topologies, cache sizes and simulation are set according to
Table 2 in [25].

B. Simulation Results

We first evaluate our proposed algorithm under single-path
(shortest path) routing scenario against the three traditional
caching algorithms. Figure 6 and Figure 7 show the two perfor-
mance indexes for different topologies and caching algorithms,
with different combination of path replication policies and
Zipf skewness parameters (7 = 0.8 and v = 1.2). Here PGA
refers to the adapted projected gradient ascend algorithm. POT-
1 stands for our potential-based online algorithm with o = 1,
i.e., when the goal is to solely maximize throughput, and POT-
0 means o = 0 with the goal being solely to optimize content
routing cost. PGA-1 and PGA-0 can be interpreted in the same
way.

From Figure 6 and Figure 7, we can see that as expected,
our potential-based online algorithm outperforms the three
traditional caching algorithms in DSR and ADC, with different
path replication policies and skewness parameters, i.e., POT-
1 achieves more throughput and POT-0 incurs lower con-
tent routing cost. However, while in most cases this hap-
pens to PGA, we observe that for some network topologies
(balanced_tree,cycle and watts_strogatz), PGA-
0 incurs higher content routing cost than the three traditional
caching algorithms, i.e., it is observed that more than 50% of
ADC is incurred by PGA-0 for topology cycle with v = 0.8
and ProbCache, as compared to LRU. This indicates that in
practice, our potential-based algorithm is more reliable and
robust than PGA.

To fully understand how much improvement can be
achieved by the two algorithms, we compare their performance
indexes with that of the LRU, and the results are listed
in Table II and Table III. Here for each algorithm and path
replication policy, only the maximum and minimum improve-
ment are listed (among the 8 topologies). From Table II
(7 = 0.8), it can be seen that PGA-1 increases DSR by 4.8%
(dtelekom, ProbCache) to 20.9% (cycle, LCE), and PGA-
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0 reduces ADC by -62.3% (cycle, ProbCache) to 17.1%
(geant, LCD). On the other hand, POT-1 increases DSR
by 1.9% (abilene, ProbCache) to 17.6% (cycle, LCE),
and POT-0 reduces ADC by 11.2% (balanced_tree, Prob-
Cache) to 47.2% (cycle, LCE). Similar results are observed
in Table IIT with v = 1.2. These results suggest that whereas
the two algorithms have comparable capability in improving
throughput, our potential-based online algorithm performs far
more better in reducing content routing cost.

We also conduct simulations for multi-path routing sce-
nario. For compactness and to avoid redundancy, only the

DSR and ADC for different topologies and caching algorithms under multi-path routing scenario, with LCE path replication policy.

performance with LCE and different skewness parameters are
presented, as shown in Figure 8. Obviously, we can draw
similar conclusions as that for the single-path routing scenario,
i.e., both PGA-1 and POT-1 achieve more throughput than the
three traditional caching algorithms, and POT-0 significantly
reduces content routing cost for all network topologies. It fol-
lows that our potential-based algorithm is still effective under
multi-path routing scenario.

Figure 9 shows how performance indexes of the two algo-
rithms vary as the weight « increases. Interestingly, we find
that for POT the performance tradeoff can be well controlled
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Fig. 9. Performance of the two algorithms under different o values.
TABLE II

PERFORMANCE IMPROVEMENT BY PGA AND OUR POTENTIAL-BASED ONLINE ALGORITHM WITH v = 0.8

.. DSR Improvement DSR Improvement ADC Reduction ADC Reduction
Path Replication
Poli by PGA-1 by POT-1 by PGA-0 by POT-0
olic
Y Max Min Max Min Max Min Max Min
LCE 20.9% 5.5% 17.6% 3.2% 19.5% -13.5% 47.2% 14.4%
(cycle) (dtelekom) (cycle) (dtelekom) (geant) (cycle) (cycle) (balanced_tree)
LCD 16.9% 5.4% 13.8% 3.0% 17.1% -11.7% 45.6% 15.0%
(cycle) (dtelekom) (cycle) (erdos_renyi) (geant) (cycle) (cycle) (balanced_tree)
10.8% 4.8% 7.9% 1.9% 8.2% -62.3% 15.6% 11.2%
ProbCache
(watts_strogatz) | (dtelekom) | (watts_strogatz) (abilene) (dtelekom) | (cycle) | (abilene) | (balanced_tree)

by «. However, for PGA it is observed that increasing « find that our potential-based algorithm is more reliable and
improves both ADC and DSR, which is out of our expectation.  robust.

We believe that this is in part due to the high correla- Figure 10 illustrates how the two algorithms behave as time
tion of the two performance indexes (consider for example, goes on, where the path replication stragety is set as LCE and
in a line network optimizing throughput will at the same ~ = 1.2. It can be seen that both algorithms converge fast that
time reduces content routing cost). Nevertheless, again we it takes approximately 100 sec to converge. Moreover, it can
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TABLE III
PERFORMANCE IMPROVEMENT BY PGA AND OUR POTENTIAL-BASED ONLINE ALGORITHM WITH v = 1.2

L DSR Improvement DSR Improvement ADC Reduction ADC Reduction
Path Replication
Polic by PGA-1 by POT-1 by PGA-0 by POT-0
Y Max Min Max Min Max Min Max Min
LCE 18.8% 6.7% 18.0% 4.6% 27.8% -57% | 49.9% 22.6%
(cycle) (dtelekom) (cycle) (geant) | (geant) | (cycle) | (cycle) (abilene)
LCD 14.9% 5.5% 14.1% 3.2% 26.2% -3.9% | 49.9% 17.3%
(cycle) (dtelekom) (cycle) (geant) | (geant) | (cycle) | (cycle) | (balanced_tree)
9.9% 4.9% 7.7% 1.6% 17.6% | -37.5% | 18.7% 18.1%
ProbCache
(watts_strogatz) (geant) (watts_strogatz) | (geant) | (geant) | (cycle) | (geant) | (balanced_tree)

0.8
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Fig. 10. Convergence time for the two algorithms with LCE and o = 0.8.

be seen that our potential-based algorithm is more stable than
PGA under different network topologies.

C. Comparison With Recent Proposals

Here we compare the performance of our potential-based
online algorithm with MBP [44] and MAGIC [38], which
were proposed in recent years. We adopt LCE path replication
policy as all three algorithms are capable of dynamically
determining the caching positions for each content item along
the delivery path. From Fig. 11 and Fig. 12, we can see
that among the three algorithms, POT-1 achieves the most
throughput while POT-0 incurs the least routing cost, under
both single-path and multi-path routing scenario, and with
different network topologies and workload distributions. For
example, under single-path routing scenario and with v = 1.2,

POT-1 increases DSR by 1.2% (geant) to 5.8% (cycle),
while POT-0 reduces ADC by 6.4% (dtelekom) to 20.7%
(cycle), as compared to MBP. When compared to MAGIC,
the improvement for DSR is 0.3% (dtelekom) to 7.9%
(cycle), and for ADC 4.8% (erdos_renyi) to 30%
(cycle). Similar results can be observed under multi-path
routing scenario.

D. Summary of Observations

We end this section by summarizing what we find in
simulation. First, as compared to traditional caching algo-
rithms as well as recent proposals, both PGA and POT are
capable of improving network throughput and content routing
cost under a variety of path replication policies and requests
access patterns, for different network topologies. They have
comparable performance of optimizing throughput, but POT
performs far more better in optimizing content routing cost.
Second, POT is more reliable and robust than PGA in that its
performance tradeoff can be well adjusted by the weighting
factor a. Moreover, it converges fast and behaves stable under
different network topologies.

V. RELATED WORK

Performance evaluation and optimization for caching sys-
tems has long been a hot research topic. A significant amount
of early work focused on modeling and analysis of various
caching policies (i.e., LRU, FIFO, Random and more recently
TTL-based [16], [21]). Both exact [8], [9] [20] and approx-
imate models [21], [29] are provided to characterize cache
performance under different workload models [6], [33] [23]
and different network topologies [17], [32].

Both offline [11], [12] and online [14], [15] cache optimiza-
tion problems have been investigated. Among them, online
optimization of general cache networks, i.e., Information-
Centric Networks [24], [31], has attracted particular research
interests in recent years.

Our work belongs to online optimization of cache networks.
The work that most close to our problem is [24], where
authors consider optimizing network routing cost in a cache
network by formulating a joint content placement and request
routing optimization problem. Our work rely and expand upon
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Fig. 11.

it by considering packet losses over links and taking network
throughput as a new metric to optimize. The objective of our
work is to maximize system throughput while maintaining the
content routing cost for satisfied requests as low as possible.
The consideration of throughput is novel, and the observation
that throughput can be cast in the same framework as [24] is
a very interesting result, which we believe it deserves to be
reported to the community. The simple and adaptive algorithm
based on “potentials” is also novel and interesting, and we
believe this idea should contribute and inspire development of
future caching algorithms.

Performance comparison with two recent proposals (MBP and MAGIC) under single-path routing scenario, with LCE path replication policy.

VI. CONCLUSION AND FUTURE WORK

A. Conclusion

In this paper, we study the problem of optimizing content
delivery over a lossy cache network, taking both throughput
and content routing cost into account. We propose a new
performance metric — RCS, to reflect the actual routing cost in
content delivery while at the same time attains attractive math-
ematical properties such as super-modularity. We then formu-
late an optimization problem for the task under fixed routing
scenario, and prove it is reducible to the one of minimizing
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Fig. 12. Performance comparison with two recent proposals (MBP and MAGIC) under multi-path routing scenario, with LCE path replication policy.

content routing cost without packet losses. We present neces-
sary rules for the reduction, and leverage existing distributed
and adaptive algorithm to solve the problem. A simple and
adaptive online algorithm is further proposed. Last, we eval-
uate our models and algorithms through simulations over a
wide array of network topologies.

B. Future Work

There are several directions for future research. First,
while in this work we propose RCS to capture both the
heterogeneous routing cost and packet loss rates over links,
an interesting problem is whether there exists alternative

metrics that can better reflect the actual routing cost for
delivered content, which also possess nice mathematical
properties that leads to efficient algorithm design. Second,
the joint optimization problem under dynamic routing
scenario, i.e., when the path to deliver each request is
dynamically selected based on the optimization objective
and system workload, remains unexplored. It is also an open
problem as how to develop efficient online/distributed caching
and routing algorithm for this problem. Finally, in lemma
2.2 we have shown that optimizing RCS and throughput are
two different goals and sometimes they can even conflict.
However, we also observed in simulation that they are
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sometimes highly correlated, i.e., for the algorithm PGA
maximizing throughput at the same time leads to a low RCS.
It remains unclear as why there is such a high correlation,
and under what conditions does the two metrics exhibit such
correlation, and then how to characterize it? These problems
are no doubt important and worthy of further investigation.
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