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Abstract

This paper studies the optimal placement of web files for en-route web caching. It is shown
that existing placement policies are all solvirgstricted partial problem®f the file placement
problem, and therefore give only sub-optimal solutions. A dynamic programming algorithm of low
complexity which computes the optimal solution is presented. It is shown both analytically and
experimentally that the file-placement solution output by our algorithm outperforms existing en-
route caching policies. The optimal placement of web files can be implemented with a reasonable
level of cache coordination and management overhead for en-route caching; and importantly, it

can be achieved with or without using data prefetching.

1 This work was supported in part by the Lee Center for Advanced Networking at the California Institute of Technology.



|. INTRODUCTION

Web caching is one of the main techniques solving the performance problems the World Wide Web faces
today. WWW has been experiencing exponential growth in recent years [21], but long access latency can
seriously hurt its popularity, especially for hot websites. Web caching dynamically stores popular files
in different places of the Internet, thus decreasing the distance between clients and web content. It can
significantly reduce network congestion, server load and access delay. A huge amount of research effort has
been devoted to all aspects of web caching, and various caching schemes have been proposed [4] [9] [11] [13]
[16] [19] [22].

Effective caching requires cooperative content management of web caches. Traditional caches include
clients, proxies and servers. One common approach to coordinate cathesaishical Caching[7] [16],
where a cache hierarchy is set up and caches are located at different levels of the network, such as the
client level, the institutional level, the regional level and the national level. When a request from a client
Is not satisfied by a cache, the cache redirects the request to a higher-level cache. A request always travels
upwards in the cache hierarchy until it's satisfied by some cache or, if none of the caches it goes through has
the requested file, by the web server. When the file is found and transmitted downward to the client, the file
is usually cached in every cache in the hierarchy along the path. Another common approach to coordinate
caches i®istributed Caching12] [20], where only institutional caches are placed at the edge of the network
which cooperate among themselves. In distributed caching, caches need to be aware of each other’s content,
which is realized through queries, exchanging content digests/summaries, or using hash functions that map
files to caches. Some hybrid caching architectures also exist [16].

A new caching architecture, call&h-Route Caching3] [9] [15] [19], differs from hierarchical caching
and distributed caching in that caches are associated with routing nodes and that a request is always for-
warded from the client toward the web server alongrdwilar routing path. Every en-route cache inspects
the requests that pass through its associated routing node. If it has the requested file, it transmits the file
to the client and the request is satisfied. Otherwise, it forwards the request along the regular routing path.
En-route caching has the merit that it is transparent to both clients and servers, and requires no file location
mechanisms such as broadcasting queries or exchanging content summaries [19]. So it's easy to manage
in this sense. And it provides a much stronger capability to locate cachesireadlgthe network, whose
effectiveness has been shown [8].

File placement/replacement is a key technique that affects the effectiveness of caching. A large number of
file placement/replacement policies are available for en-route caching [6] [14] [18] [22] [23]. Most policies
make decisions on file placement and replacement for individual caches only. Some policies, such as MOD-

ULO [3], consider the path from the cache (or server) containing the file to the client, and cache the file along
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the path using simple placement schemes. Recently a novel caching schemeCoali#idated En-Route

Web Cachingis proposed by Tang et al. [19]. The coordinated en-route web caching scipéimezeshe
placement of files along the path from the cache (or server) to the client, and it requires moderately more
coordination among the en-route caches. Its performance has been shown to be significantly better than the
other policies [19].

This paper explores the file placement techniques for en-route web caching. We study file placement
policies in a more general caching model, and show that existing policies, including the coordinated en-
route web caching sheme, are all solviegtricted partial problemsf the placement problem, and therefore
they give only sub-optimal solutions. We then present a dynamic programming algorithm which computes
the optimal solution for file placement. It is shown both analytically and experimentally that the optimal
solution given by our algorithm can be significantly better than the sub-optimal solutions given by other
schemes. Implementation details are introduced, and it's shown that our scheme requires the same level of
coordination among caches as tteordinated en-route web caching scherftas proven that the optimal
placement can be implemented in iadependently successive wagneaning that the file can be cached
only in caches that it necessarily passes through, and successive independent computation and caching will
aggregately give the optimal placement. Thus the optimal placement can be achieved with or without using
prefetching (data pushing). That is a very important property desired by any caching scheme.

The rest of the paper is organized as follows. In Section Il, a general model for the file placement of
en-route web caching is presented, and the performance of existing placement schemes and that of the
optimal scheme are compared. In Section Ill, the dynamic programming algorithm solving the optimal file
placement problem is presented. The algorithm has compléXify/|>), where|V| is the number of caches
in consideration. In Section IV, implementation details are introduced. In Section V, simulation results
showing the performance difference between the optimal scheme and other existing schemes are provided.

In Section VI, we conclude this paper.

II. MODELLING EN-ROUTE WEB CACHING

In this section we model en-route web caching, and compare the performance of different file placement

policies.

A. Caching Model and File Placement

The model we use in this paper closely follows the network model in [19]. We model the network as a
graphG = (V, E), whereV is the set of routers each of which is associated with an en-route cache, and

E is the set of network links. Each server or client is attached to a notfe MWithout loss of generality,
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Fig. 1. (a) En-Route Web Caching (b) Subtrees Corresponding to Cached File Copies

we assume there is only one server, and clients request for web files maintained by the server. A client’s
request goes along the path from the client to the server, and is satisfied by the first node on the path whose
cache stores the requested file. The file from the cache is transmitted downstream along the same path to the
client. For simplicity, symmetric routing is assumed here. (If the routing is asymmetric, then Weldy
include those nodes on both upstream and downstream paths. Such a simplification is validated by Tang
et al. in [19], where it is pointed out that for en-route caching, nodes not contained in both upstream and
downstream paths are not appropriate locations for caching the file.) Routing paths from all clients to the
server form a tree topology [9] [10] [16] [19].

An example of such a tree topology is shown in Figure 1(a). Here npdahe router associated with the
web server, while all other nodes are associated with en-route caches. For any wehbrfdeevery cache
(or server) which contains the filg, the set of nodes in the network whose requestgfarre satisfied by
that particular node containing form a subtree. Figure 1(b) shows the three subtrees corresponding to the
three nodes containing the fife. Clearly in every such subtree, there is only one node containing the,file
which is the node closest to the server.

For a file F', we associate every edge, v) € E with a nonnegative cog{u, v, F'), which represents the
cost of transmitting a request fdf and the corresponding response through €dge). As in [19], the
‘cost’ here has a general meaning which can correspond to delay, data flow or request-processing cost. If a
request goes through multiple edges, the total cost is considered to be the summation of the cost over each
edge.

Consider a nodel, which contains the fil&". We useU = {A,, Ay, As,---, A, } to denote the set of
nodes whose requests fbrare satisfied byly,. So nodes irUV and the associated edges form a subtree—
which we denote by"—of the network. We call, theroot of the subtred’. Let f(A;) (1 < i < n) denote

the rate of requests far passing through nodeg; (including the requests from; itself and from others).



Then the total cost of the requests fofrom nodes i is:
if(Ai) - ¢(A;, Pa,, F)
whereP,, is the parent of nodd; in the treel".

Currently Ay is the only node in the tre€ which contains the filg. If the rates of requests far are
high, it's beneficial to cache more copiesioin the tree. However, because of the limited memory capacity
of each cache, if" is to be stored in a cache, then one or more files in the cache will need to be removed in
order to make room. Caching the filftat a node decreases the cost for accesBingthe future (referred
to ascost saving, but increases the cost for accessing the files that are removed (referrexbsi Ess3.

Our goal is to minimize the access cost for both the filand the files removed. Assume we select a set
R of r nodes,R = {4;,,4;,,---,A;.} CU — {4}, to cacheF. Thus the cost for accessirgis reduced.
DefineB; (1 < i < r) as the node that satisfies the following three requirementd3(&) R U{ Ao }; (2) B;
is an ancestor oft, in the treel’; (3) no node ink is both an ancestor of;, and a descendant &f; in the
treeT. Then thecost savinghere can be shown to be:

r

Z Z f(Aji)'C(UhUQvF)

i=1 (u1,u2)€EPATH(Ay,,B;)

wherePATH (A;,, B;) is the set of edges on the path betwegnand B;.

Removing a fileO from a node4;, will cause cost loss

Z fO,i . C(Ul, Usg, O)

(uhuz)EPATH(A]‘i 7Coﬂ;)

wheref ; is the rate of requests f@? passing through nodé;,, andCy ; is the node containing the fil@
which will satisfy the requests coming frory, for the file O onceO is removed fromA,,. The cost loss of
removing multiple files from a nodg;, is simply the summation of the cost loss of removing each file from
A
Deciding which file to remove from a cache is the file replacement problem. There exist a large number
of file replacement policies. In this paper, we adopt replacement policies that optimize access cost, such as
LNC-R [17]. Letl(A;,) be the cost loss of removing files from node to make enough room for storing

file F. Then the totatost losgs
Y oU(A)) 1)
=1

The above cost-loss formula is used in [19], too. We would like to point out that strictly speaking, the cost
loss of removing files at several nodes is not simply the summation of the cost loss of removing files at each

node individually, if the same file is removed from at least two nodes and those two nodes are successive
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among the sites caching the file. However, files removed by cost-based replacement policies usually have
very low access frequencies, therefore are sparsely populated among caches, which makes the above scenarit
unlikely to happen. So Formula (1) is a good approximation for the cost loss.

Now we can define aroptimal placemenof file F' on tree7” as follows: an optimal placement of fil&
on treeT is to cache fileF” on a set of node$A; , A;,,---, A, } C U — {Ay} such that theetcost saving

(cost saving minus cost loss)

T T

Z Z f(A]z) 'C<u1’u2>F) - ZZ(A}L)

1=1 (ul,uz)EPATH(A]'i,Bi) 1=1

iS maximized.

B. Performance Comparison of Placement Policies

There are lots of file placement policies available for en-route caching. For most of them, when a file is
transmitted from a cache (or server) to a client, the file is cached on every node along the path. And at each
individual node, some file replacement policy is used to evict files to create space for the newly cached file.
Examples of such replacement policies include LRU, LFU, LRU-MIN [1], Hybrid [23], LNC-R [17], GD-
Size [6], etc.. For some placement policies, the file is still cached along the path when it's being transmitted
to the client, but each node on the path decides independently whether or not it's beneficial to cache the file,
based on some key attribute [1] or other admission control mechanisms [2]. Some file placement policies
cache files in a more coordinated way. An examplRI@DULO caching[3], which caches a file on nodes
that are a fixed number of hops apart along the path between the server (or cache) and the client.

The Coordinated En-Route Web Caching schgmesented recently in [19] is a file placement policy
which optimizeghe placement of the file along the whole path from the cache (server) to the client. It uses
the same cost-saving and cost-loss formulas as in this paper, although they are written in different forms.
The scheme considers a linear array (a path) instead of a tree. Thus it can be seen as a special (or restricted
case of the optimization problem considered in this paper.

All the file placement policies discussed above try to optimize the placement of a file on the path from a
cache (server) to a client, some considering individual nodes only, while others considering the whole path.
None of them considers the placement of a file over a tree Tld¢note the same tree as in the previous
subsection, which consists ofr@ot node containing the filé" and all the nodes whose requests foare
serviced by the root. Although after enough requestsidrom different nodes ofl" are sent, each of
which causing a placement éf on a path, we will get a placement of the fité over the whole tred’,
that placement is the aggregation of the placements on single paths which might be locally optimal but are

globally sub-optimal. So the global placementsioof existing file placement policies are sub-optimal.
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Fig. 2. File Placement on Trees

We use the following example to illustrate the sub-optimality of existing file placement policies.

Example :In this example, we consider three file placement policies: caching a file on every node the
file passes through, th€oordinated En-Route Web Caching schepnesented in [19], and theptimal
placements defined in the previous subsection.

(a) A tree of 4 nodes{ Ay, Ay, - - -, Az}, is shown in Fig. 2(a). Herél, is the only node that contains a
file F. The values of the parametef$A;), c(A;, Pa,, F') andl(A;) (1 < ¢ < 3) are shown in Fig. 2(a),
wheref(A;) is the rate of requests fdf passing through nodé;, c¢(A;, Pa,, F') is the cost of transmitting a
request forF’ and the corresponding response through the ¢dgeP,,) (hereP,, is the parent of4;, e.g.,
Py, = AgandP,, = P4, = Ay), andl(4;) is the cost loss of removing enough files froito make room
for F. The requests foF' issued byA, won’t cause caching’ on other nodes, and; doesn’t issue any
request forF' becausef(A;) = f(As) + f(As). AssumeA, issues a request fdr first, and A3 issues a
request forF’ some time later.

When the policy ‘caching a file on every node the file passes through’ is used, after both requists of
andAs; are satisfied, clearly’ will be cached on all nodes in the tree, and tle¢cost saving i$°% | f(A;) -
c(Ay, Pa,, F) = S0 1(4) = 0.

When theCoordinated En-Route Web Caching schasnesed, whem,’s request reached,, A, com-
putes the placement @f on the path betweeA, and A, which will maximize thenetcost saving — and in
this case tha@etcost saving will be maximized by placing on A;. So whenA, sendsF’ to A, in response
to Ay's requestF' is cached om;, which causes aetcost saving off (A4;) - ¢(A;, Ao, F) — (A1) = 0.8.
After this moment, every timel; (i = 2, 3) issues a request fdr, it will be satisfied byA,; and placingF’
on A; (1 = 2, 3) will cause anetcost saving off (A;) - c¢(A4;, A1, F') —I(A;) = —0.4. So whenA, sendsF' to
A; (i = 2,3) in response tol;’s request,F’ won't be cached on the path betwednand A; (excluding the
nodeA; which has already cachdd). So the totahetcost saving stabilizes to l8eS.

It can be verified that theptimal placemenbf F', which maximized thenet cost saving for the tree, is



to cachel’ on nodesA, and 43, whose correspondinget cost saving i$"7 > (w1 us) EPATH(A;, Ag) J (Ai) -
c(ur,ug, F) — 3 5 1(4;) = 1.2.

It's simple to see that actually no matter in which ordgrand A; send requests far, the scheme which
‘caches a file on every node it passes through’ and the ‘Coordinated En-Route Web Caching scheme’ will
have the same placements as above oficand A; has sent at least one request each, and tieticost
saving will be0 and0.8 respectively, both worst than the optimal placement.

(b) A tree of 5 nodes{ Ay, Ay, ---, Ay}, is shown in Fig. 2(b). Herel, is the only node that contains a
file F. Note that here the tree is also a path. The values of the paranfeiens c(A;, Pa,, F)) andl(4;)

(1 <7 < 4) are shown in Fig. 2(b). Assume the first request and the second requésaferissued by,
and A, respectively.

When the policy ‘caching a file on every node the file passes through’ is used, after both requists of
andA, are satisfied, clearly’ will be cached on all nodes in the tree, and tle¢cost saving i$"7 | f(A;) -
c(Ay, Ai 1, F) — S5 1(A) = 1.51.

When theCoordinated En-Route Web Caching schamased, the request of; will cause caching”
on A; (which is the placement on the path betweénand A, that maximizes th@et cost saving), and
the request ofd, will cause caching” on A, (which is the placement on the path betwegnand A, that
maximizes thenet cost saving). It's simple to verify that afterwards no requestAdssued by nodes in
the tree will cause caching any extra copy/ofin the tree. So the totalet cost saving stabilizes to be
f(A1) - e(Ar, Ao, F) + Xy ) eparmagay [ (As) - clur, ug, F)) — 1(Ar) — I[(Ag) = 2.61.

It can be verified that theptimal placemenof F', which maximized thenet cost saving for the tree,
is to cachel’ on nodesA, and A4, whose correspondinget cost saving i, u,)epar(a,,4,) f(A2) -
c(ur, ug, F) + Xy un)e PATH (AL, A0) f(Ad) - c(ur, ug, F) — I(Ag) — I(Ayg) = 3.4.

So the first two schemes both output placements worse than the optimal placement. And it can be seen
that theCoordinated En-Route Web Caching schembkich optimizes file placements on paths, can also
output non-optimal solutions even if the tree is a path, if the first request doesn’t come from the bottom
node. (Clearly ifA, issues the first request, then Beordinated En-Route Web Caching schewikoutput
an optimal placement of'.)

(c) The two placements output by th€dordinated En-Route Web Caching scheméga) and (b) are
both stable, in the sense that no further request will cause caching any extra dopy thfe tree, and that
removing any already cached copyBiwill cause a negative ‘net cost saving'. It can be easily shown that
the Coordinated En-Route Web Caching scharae also output unstable (transient) file placements (e.g.,
consider the case in (a) wheféA;), f(A2) and f(Asz) are changed to be 2.5, 0.5 and 2 respectively). It's
also very easy to show that the scheme of ‘caching a file on every node the file passes through’ can also

output both stable and unstable file placements. Experiments show that both stable and unstable placements
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are common outputs of the above two schemes; and when being suboptimal, both kinds of placements fail
to maximize the net cost saving for the tree.

O

Further analysis shows that in the worst case the following relative performance will be achieved for
every file placement policy mentioned in this paper (excluding the optimal placement): the policy caches
O(n) more copies of the file than the optimal solution does, wheigethe number of nodes in the tree; and
the ratio between the net cost saving of the optimal solution and the net cost saving of that policy approaches

oo (if the net cost saving of the policy is positive). For simplicity of this paper we omit this analysis.

[Il. OPTIMAL FILE PLACEMENT ALGORITHM

In this section we formally define the optimal file placement problem for en-route web caching, and
present a dynamic programming algorithm which gives the optimal solution. The notations used in this
section will be slightly different from those in previous sections for simplicity.

Definition 1: 7' = (V, E) is a tree, wher@’ is the set of vertices and is the set of edges. The tréehas
avertex called its ‘root’. For every vertexc V, D(v) denotes the set of all the vertices that are descendants
of v, andC'(v) denotes the set of all the vertices that are children.ofSo D(v) O C(v).) For any two
verticesu € V andv € V, PATH(u,v) denotes the set of all the edges on the path betwesrdv. For
every edge€u,v) € E, it is associated with a nonnegative parameter v). For every vertex € V, itis
associated with two nonnegative paramet¢(s) andi(v). For any vertex € V, f(v) > X ,cow) f(u).

Letw € V be a vertex in the tree. Letbe a nonnegative integer, where< |D(w)|. (|[D(w)] is the
cardinality of the seD(w).) Let R = {A;, As,---, A} C D(w) be a set of- vertices. Forl < i < r,
defineB; as the vertex that satisfies the following three requirementd3(&) R U{w}; (2) B; is an ancestor
of A;; (3) no vertex inR is both an ancestor od; and a descendant d@,;. Then we define the objective
function Acost(w : v : R) as

T T

Acost(w :7: R) = > F(A) - elu,v) =D U(A).

i=1 (u,v)€PATH(A;,B;) =t

If » =0, defineAcost(w : 0 : ) = 0. Findingr and R that maximizé\cost(w : r : R) is referred to as the
‘optimal placement problem correspondinguitd

Letw; € V andw, € V be two vertices in the tree, whetg is an ancestor af,. Let s be a nonnegative
integer, wheres < |D(ws)| + 1. (|D(w-)| is the cardinality of the seD(w,).) LetS = {P, P,---, Ps} C
D(wy) U{w-} be a set ok vertices. Forl < i < s, define@; as the vertex that satisfies the following three

requirements: (19); € S U{w1}; (2) Q; is an ancestor of; (3) no vertex inS is both an ancestor d?; and



a descendant @p,;. Then we define the objective functiofw, : ws : s : S) as

S S

S(wiwy:s:S) =) > f(P) - clu,v) =D U(P).

i=1 (u,w)ePATH(P;,Q;) i=1
If s =0, defined(w; : wy : 0: 0) = 0.

O

If we usev, to denote the root of the treég, then the optimal file placement problem we're studying is
simply the optimal placement problem correspondingito.

Theorem 1:Letu, € V be a vertex in tre@ = (V| E). Sayug hasn (n > 1) children—au;, us, - - -, u,.
Suppose fol < i < n, s = s; andS = S; are a solution that maximizes the functidfu, : u; : s : S).

Thenr =", s; andR = |J_, S; are a solution that maximizes the functid@ost(u : r : R). And

Acost(uyg : Zsz.US iéuo'uzzsz:&).

Proof: Let ' be a nonnegative mteger that IS no greater thatu,)|. Let R C D(uy) be a set of’
vertices. For any vertex € R/, defineB, as the vertex that satisfies the following three requirements: (1)
B! € R'U{up}; (2) B, is an ancestor of; (3) no vertex inR’ is both an ancestor ef and a descendant of
By,

Forl <i < n, defineS; = R' N (D(u;) U{u;}). (Then obviouslyJi, S; = R', andS; N S, = () for any
1 <i# j <n.) Defines, = |S!| to be the cardinality of;. (Then obvioushy)_ , s, = 1".)

By definition,

Acost(ug : r' : R')

-3 ) F(v) - elvr,va) = 37 U(v)

vER’ (v1,v2)€EPATH (v,B) vER!

= > > fw) - evr, va) Z > v
i=1veSs] (v1,v2)ePATH (v,By) i=1ves]

= > > > fv) - c(vi,v) = > U(v)}
i=1 veS] (v1,v2)€PATH(v,B}) veS]

n

= ) O(ug:u;:s;:S))

i=1

Forl < i < n, the value of(ug : u; : s} : S}) is maximized wher, = s; andS] = S,. Therefore the

value of Acost(up : r' : R') is maximized when’ = > | s; and R’ = U, S;, andAcost(ug : Y0 S;
?:1 S@) = Z:‘L:I 5(U0 cUG LS SZ)
O

Theorem 2:Let u_; andu, be two vertices in tre@ = (V| E), whereu_; is an ancestor ofy. Sayug

hasn (n > 1) children—u,, uo, - - -, u,. Suppose foll < i < n, s = s; andS = S; are a solution that
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maximizes the functiod(u_; : u; : s : ). Suppose: = ro andR = R, are a solution that maximizes the
function Acost(ug : 7 : R). Then
Q) if

n

Zé(u_l Tuq S Si) > Z f(up) - e(u,v) — l(ug) + Acost(ug : 7o : Rp),

i=1 (u,v)ePATH (ug,u—_1)

thens = > , s; andS = U, S; are a solution that maximizes the functi®m_; : vy : s : S), and

O(u—_y :ug: ZSZ.US :Z(S(u_lzui:si:Si);
i=1 i=1

) if

n

D b(ugtuirsS) < > f(ug) - e(u,v) — l(ug) + Acost(ug : 7o : Rp),

i=1 (u,0)ePATH (ug,u—_1)

thens = o + 1 andS = Ry U {uo} are a solution that maximizes the functi®_, : uo : s : 5), and

Su—y:ug:ro+1: RyU{up}) = > f(ug) - e(u,v) — l(ug) + Acost(ug : 7o : Ry).
(u,v)EPATH(uo,ufl)
Proof: Let s = s’ andS = S’ be a solution which maximizes the functiéfu_; : v : s : S) given the

condition thatu, ¢ S. Lets = s” andS = S” be a solution which maximizes the functidfu_; : ug : s : 5)
given the condition that, € S. Clearly eithers = s’ andS = S’, ors = s” andS = S”, is a solution which
maximizes the functiod(u_; : ug : s : S).

For every vertexw € ', define@’ as the vertex that satisfies the following three requirements: (1)
Q. € S"U{u_1}; (2) Q) is an ancestor af; (3) no vertex inS” is both an ancestor efand a descendant of
Q.. Similarly, we defing)” for every vertexb € S”.

Forl <i <n, defineS; = S’ N (D(u;) U{u;}). (Then obviouslyJi_, S; = S, andS; N S =  for any
1 <i# j <n.) Defines, = |S!| to be the cardinality of;. (Then obvioushy)_ , s} = s'.)

Forl < i < n, defineS’ = S”" N (D(w;) U{u;}). (Then obviouslyS” = (U, S’) U{u}, and
SinSy =0foranyl < i # j < n.) Defines{ = |5/| to be the cardinality o5;". (Then obviously
s"=14+3", s

We analyze the following two cases.

(1) By definition,

O(u_q:up:s 8"

= Z Z fw) - c(vy,v9) Zl

veS’ (v1,v2)EPATH (v,Q) ves’

XYY Y e - Y Y )

i=1veS] (v1,v2)EPATH (v,Q1,) i=1ves]
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n

= 242 2 ) elvrv2) = 32 1(v)}

=1 wveS! (v1,v2)EPATH (v,Q1,) veS]
. el o
= > d(u_y s S))

s = s'andS = S’ is a solution which maximizes the functiou_, : v : s : S) given the condition that
up ¢ S. Soforl <i<mn,s=s,andS = S;is a solution that maximizes the functiofw_, : u; : s : S),
just as the solution = s; andS = S; is. So
S(uy:ug:s:8)= Z5(u_1 s s Si).
i=1
By definition, we knowuy ¢ U, S;, Sos = >, s; andS = U, S; is also a solution which maximizes
the functiond(u_; : ug : s : .S) given the condition that, ¢ S.
(2) By definition,

S(u_q tug:s": 5"

= Z Z f(v) - c(vr,v2) Z l(v

veS" (v1,v2)EPATH (v,QY) veS”

= 2> > fw) - (v, v2) + > f(uo) - e(vr,v2) Z > 1(v) — U(uo)
i=1veS} (v1,v2)ePATH (v,Q7)) (v1,v2)EPATH (ugp,u—1) i=1veS!

= > f(uo) - e(vi,v2) = U{ug) + D > f(v) - c(vy,v9) Z >l
(v1,v2)€PATH (ug,u—1) i=1veSY (v1,02)EPATH (v,Q) i=1ves!

N 2 [ (uo) - e(v1,v2) = U(uo) + Acost(u ZS” : U SY)

(v1,v2)EPATH (ug,u—1)

= > f(ug) - c(vr,ve) — l(ug) + Acost(ug : 8" —1: 5" — {ug})

(v1,09)EPATH (ug,u—1)

s = ¢” andS = S” is a solution which maximizes the functiofu_; : u, : s : S) given the condition that
up € S. Sor =s¢"—1andR = 5" — {ug} is a solution that maximizes the functidtrost(ug : r : R), just
as the solutiom = ry andR = Ry is. So

S(u_y:ug:s":9") = > f(ug) - c(vy,va) — l(ug) + Acost(ug : 1o : Rp).

(v1,v2)€EPATH (uo,u—1)

Clearlys = o + 1 andS = Ry U {u} is also a solution which maximizes the functi®u_; : uo : s : 5)
given the condition that, € S.

Eithers = > s, andS = U, S;, ors = ro+ 1 andS = Ry U {ug}, is a solution that maximizes the
functiond(u_y : up : s : ). Which of them is the solution that maximizes the functidn_, is:9)
depends on Whethé(u_1 Sug s yorq s s U, S;) is greater or less thaf(u_1 : ug : 19+ 1: Ry U {uo}).

Now it's easy to see that Theorem 2 holds.
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O
Theorem 1 and 2 show how an optimization problem on placement can be decomposed into subproblems.
Based on those two theorems, ttimal file placement problenan be solved with a dynamic programming
algorithm.
We first define a few notations.
Definition 2: Given a vertexv € V of the treel” = (V, E), definer?”* and R%* to be a pair of parameters
such that the solution-‘= r”* and R = R%" maximizes the functiom\cost(w : r : R). And defineA%"
asA%P" = Acost(w : v : RPY).
Given two verticesy; € V andw, € V of the treeT’” = (V, E), wherew, is an ancestor ofi,, define
s, andS? to be a pair of parameters such that the solutios-"s3?* | andS = S**, ' maximizes

wy,w2 wy,w2

the functiond(w; : ws : s : S). And defined?’, asogr,, = o(wy = wy @ s, - S ).

,W2 w1, w2

O

Now we present the recurrences of the dynamic programming algorithm:

o If a vertexu, in treeT = (V,E) hasn > 1 children—us, uy, ---, u,—thenr® = 30, s%* |
t __ t t __ t
Ryt = Uil Sigu, @ndATE = 300, 000, -

. Ifavertexy, in treeT = (V, E) has no child, them?" = 0, R%" = (), andA%" = 0.

« For two verticesu_; andu, in treeT = (V, E), whereu_; is an ancestor ofiy, if uo hasn > 1
children—uy, ug, ---, up—thend? = max{3_, 0" ., Y (uv)ePaTHuou 1) | (o) - c(u,v) —
Wuo) + AP} I 3T 07, 0 2 Cuwyerara o) f(Wo) - c(u,v) = U(ug) + A%, thens?” | =~ =

iy S, andS = UL, St s otherwise s = roPt 4 TandSP = RPY U {ug}.

« For two vertices:_; andu in treeT = (V, E), whereu_, is an ancestor of, if u, has 0 child, then

O, o = MAX{ Y (uv)e PATH(uo_y) f(U0) - ¢(u;v) — Uuo), 0} I Xy vyeparriuou_y) f(t0) - c(u,v) —
I(ug) > 0, thens? = TlandSy . = {uo}; otherwisesy” ., = 0andSy’ = 0.
The first and third recurrence come from Theorem 1 and 2 respectively, and the second and fourth recur-
rence can be easily seen to be correct. If weugde denote the root of the tréé= (V, E), then theoptimal
file placement probleris to findr?* and R, and to cache?" copies of the file on nodes in the sef"".
The dynamic programming algorithm can be shown to have compléxity/|?), where|V| is the number

of vertices in tred” = (V, F).

IV. IMPLEMENTATION OF OPTIMAL CONTENT PLACEMENT FOR EN-ROUTE CACHING

In this section we show how the optimal file placement can be fulfilled without prefetching (data pushing)

for en-route web caching, and introduce the implementation details of the caching scheme.
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A. Optimal Placement without Prefetching

Theorem 3:LetT' = (V, E) be the tree considered in Definition 1, and gtbe its root. Letr = r, and

R = R, be a solution that maximizeScost(Ag,r, R), and letN = {A;, As,---, A} C Ry be an arbitrary
subset ofRR,. Decomposd’ into n + 1 subtrees, which we denote iy = (o, Ey), 71 = (V4, Ev), - -+,
T, = (Va, E,,), according to the following three rules: (¥) = U_,V;, andV; NV, = @ for any0 < i #
j<mn;(2for0<i<mn,A €V;3)foranynode € V — {40 <i <n},if A; € {4]0 <i<n}is
an ancestor of and the path betweanand A; doesn’t contain any node in the det;|0 < i < n,i # j},
thenv € V.

For any nodev € V, defineU(v) as the maximal set that satisfies the following two requirements: (1)
U(v) € D(v) N N, (hereD(v) is the set of all the nodes that are descendantsiothe treel’, as defined
in Definition 1); (2) for every node € U(v), the path between andu doesn’t contain any node in the set
D(v) NN — {u}.

For any nodev € V, define f'(v) as f'(v) = f(v) — Uuevw) f(uw). (For the definition off(v), see
Definition 1.)

For any: such thatd < i < n, for any nonnegative integef such that’ < |V;| — 1, for any set
R ={ay,aq,---,a,} suchthat®’ C V; — {4}, define the objective functioA’cost(A; : ' : R') as

A'cost(A; :r': R') = TZ Z f'(a;) - e(u,v) — ill(aj)>

7j=1 (u,’U)EPATH(a]',b]’)

whereb; (1 < j < ¢’) is defined as the node that satisfies the following three requirements$; @)
R'U{A;}; (2) b; is an ancestor af;; (3) no vertex ink’ is both an ancestor af; and a descendant of. If
r’ =0, defineA’cost(A; : 0 : §) = 0.

For0 < i < n,letr = r. andR" = R} be a solution that maximizes the valuedfcost(A; : ' : R').
Then

and
R=NU(UR)

1=0
is a solution that maximizes the valuedtost(Ag, r, R), namely,Acost(Ag, n+ 37" o7, NU (UL, R))) =
Acost(Ag, 1o, Ro).
Proof: Consider?” as the tree network whert#, is the only node caching the file which satisfies the
requests for fileF” from all the nodes iff". ThenAcost(Ag, ro, Ro) is thenetcost saving got by caching
F on nodes in the sek,. Thenetcost saving got by caching on nodes in the seV is Acost(Ag, n, N).

Define A" as the maximum net cost saving that we additionallyget by caching® on more (including
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zero) nodes irf” when F' has already been cached on the- 1 nodes in the sefA,} UN = {A;|0 <
i < n}. Sincer = rp and R = R, is a solution that maximizeAcost(Aq,r, R) and N C R,, clearly
Acost(Ag, 1o, Ro) = Acost(Ag,n, N) + Amar,

Define Ag v as theadditional net cost saving we can get by cachifgon nodes in the sef C V' —
{4;|0 < i < n} whenF has already been cached on the- 1 nodes in the sefA;|0 < i < n}. Partition
S inton + 1 subsetsSy, Sy, - -+, S,, WwhereS; = SNV, for 0 < i < n. It's simple to see that wheR
is cached on the + 1 nodes in the sefA4;|0 < i < n}, for any nodev € V, its request for” will be
satisfied byA4; (0 < i < n)ifand only if v € V;, because when € V;, A; is the nearest ancestor othat
cachest’ or A; is the same node as Therefore the net cost saving got by cachingn nodes inS; C V;
in the subtred; is independent of the net cost saving got by caclfingn nodes inS; C V; in the subtree
T; forany0 < ¢ # j < n. WhenF' is cached on the + 1 nodes in the sefA;|0 < i < n}, clearly for
any nodev € V/, the rate of requests fdr passing through node(including the requests fromitself and
from others) equalg’(v) — so for0 < i < n, the additional net cost saving got by cachifigon nodes
in S; C V; equalsA’cost(A;, [S;],S;). SOAgn = Yivy Alcost(A;,|Si],5;). For0 < i < n, the value of
A'cost(A;,|S;|, S;) achieves its maximum whel;| = r; andS; = R;. So the value ofA gy achieves its
maximum, which isA”, when|S| = > i andS = U}, R;. The conclusion of Theorem 3 naturally
follows.

O

With Theorem 3 it can be shown that the optimal placement of a file on a tree can be fulfilled without
prefetching (data pushing) for en-route caching. Let the tree in consideration be theitr@deorem 3.
When a node in the tree issues a request By the request will reach the roet,, and A, will carry out
computation to find out the optimal locations to ca¢havhich is the set of node8,. However, the system
only needs to cachg on the path betweeA, andv. To be specific, we can make the $étas defined in
Theorem 3, to be the set of nodes not onlydinbut also on the path betweely andv, and caché only in
the nodes inV. After that, the rate of requests fér passing through any nodein the tree becomeg ().
And then, when a node’ issues a request fdr, the request will reach one of the+ 1 nodes in the set
{Ag} UN —say A; (0 < i < n)— andA; will compute the optimal locations to cactiein the subtree
T;. Then againt” only needs to be cached on the path betwdeand’. This process can keep going on,
and eventually when no request fBrwill causeF’ to be cached on any additional node, by Theorem 3 the
placement off’ on the tre€l" is not only optimal for all the subtrees encountered, but also optimal for the
whole treeT itself. So the fileF’ only needs to be cached on the nodes it necessarily passes through, which
is done whent' is transmitted from the node answering the corresponding request forthe node that

issued the request, and doesn’t need to be cached on any node outside the path (whichpsebetdddhg
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or data pushing The aggregation of the placements on different paths forms the optimal placement for the
whole tree. Prefetching is many times considered overly-active or unnecessary for caching; and having a
caching scheme which doesn’t have to use prefetching is certainly desirable. However, it's simple to see that

the optimal placement here can also be achieved while using prefetching.

B. Implementation

The caching scheme is implemented as follows. Each cacoataining a filef” maintains information
on the topology of the tree which consists of the set of nodes whose requestsafersatisfied by and
the corresponding set of links (edges), the requestfrate for ' passing through every nodéin the tree
and its corresponding eviction cdst’), and the cost(u, u’) of every edgeu, «’) in the tree. Every time a
request forF' is sent from a node’ to a nodev which containsF', each node on the path betweeandv’
piggybacks its ID, the cost far of the edge between itself and its parent — which is estimated based on the
delays of transmitting files of sizes similar to that/offrom its parent to itself recently — and its eviction
cost for F'. v’ also piggybacks a time stamp recording the time when the request was issued. The cache
builds the tree topology based on the piggybacked information, builds a table which records the time when
the most recent few requests Bifrom each node were issued, and records the nodes’ eviction costs and the
costs of edges. Then whertomputes the optimal placemention the tree, it can estimate the request rate
of each node based on the request history using a sliding window technique [18] [19], estimate the eviction
cost forF’ of each node based on the eviction costs for a few typical file sizes of that node recorded recently,
and estimate the cost of every edge fobased on the costs of the edge for a few typical file sizes recorded
recently. For a network containing hundreds of thousands of web files (or more), the information collected
by v is quite recent and its estimation is usually well updated. Thesnds the filg" to v" along with a field
indicating which nodes on the path should ca¢hendF is cached as indicated.

The information a cache maintains for a filef’ is the information on the whole corresponding tree.
So on average each node needs to store only tens of bytes of information rel&ted\tso some of the
information, such as network topology, can be shared for different files. The amount of data the nodes store
for maintaining the information related to files are evened by the large number of files and nodes in the
network. The amount of data piggybacked to requests can be reduced by hashing the nodes’ IP addresses
into short IDs. In theCoordinated En-Route Web Caching schd@t¥, the types of data transmitted and
stored for computing file placements on paths are quite similar to those in this scheme. So it's easy to
show that the extra storage and transmission overheads of this scheme is at the same level of those of the

Coordinated En-Route Web Caching scheme
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V. SIMULATION

The emphasis of our simulation is to compare takative performancef the optimal file placement
scheme with existing en-route caching schemes. Instead of simulating over a network containing a large
number of web files, we simulate for a single file and over a sub-network which is the tree rooted at the server
permanently maintaining the file. This simplified model serves as a valuable first step toward the simulation
over the original networks with many files, provides us with a useful tool for studying and comparing the
different behaviors of different file placement policies, which is important for understanding the placement
algorithms at a deeper level, and reveals ample results on the relative performance of different file placement
policies by itself. Extensive simulation experiments have been done over a large set of tree topologies and
wide parameter ranges.

The tree network is randomly generated using a node-degree probability distribution function (p.d.f.),
which specifies the probability distribution of each node’s degree (all nodes use the same p.d.f.). Starting
with a single node, the tree grows by determining the degree of each existing node until the tree reaches the
desired size. Being consistent with the Tiers model [5], the network consists of a WAN (wide area network)
in the middle and a number of MANs (metropolitan area networks) attached to it. The WAN is seen as a
backbone network where no server or client is attached. An en-route cache is attached to every WAN and
MAN node. The single server containing the file in consideration is chosen randomly from the MAN nodes.
Requests for the file in consideration are generated only by MAN nodes and may be transmitted through both
MAN and WAN nodes. An eviction cosgfv) is associated with every nodeand its value changes from time
to time, each time randomly generated independent of other nodes and its own historical values. To simulate
the removal of the file from a node it has been cached on, every time if the cost loss of removing the file from
a cache is smaller than the cache’s eviction cost, the file will be evicted from the cache. That is validated
by the fact that the eviction cost of a node is largely determined by the characteristics and placements of the
huge number of files other than the one file in consideration, and thus is only remotely correlated to the file
in consideration; and once the cost loss of removing the file from a certain cache becomes so insignificant
that it's smaller that the cache’s eviction cost, requests for other files passing through the cache would have
caused the file to be removed.

We simulate three caching schemes: the scheme using the optimal file placement on trees (but each time
the file is only cached along a path), tGeordinated En-Route Web Caching schgirtd which optimizes
the file placement on paths, and the scheme which caches the file in every cache the file passes through.
Experiments have been performed extensively for a large number of tree network topologies and wide ranges
of the parameters (e.g., network size, percentage of WAN nodes and link costs). It turns out that the relative

performance of the three schemes is quite similar for different network topologies and parameters. Therefore
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we only show the results of four experiments as examples.

Let U(z,y) denote the uniform distribution betweerandy. Let f(n) denote the probability that a node
has degree (n = 1,2,3,---). Then the parameters of the four experiments are as shown in Table 1. Note
that the four experiments are run independently. Therefore the four networks in the four experiments have

totally different topologies, and their specific parameter assignments are also independent of each other.

Parameter Experiment 1 and 3 Experiment 2 and 4
Total number of nodes 200 300
p.d.f. of node-degree f(1)=0.1, f(2) = 0.4,

F(1) = 0.1, f(2) = 0.4,

f(3) =025, f(4) = 0.25 | f(3) =0.25, f(4) = 0.125,
f(5) = 0.125
Ratio of WAN nodes to MAN nodes 1:1 1:1

Delay of WAN links

U(0.41,0.51) second

U(0.41,0.51) second

Delay of MAN links

U(0.06,0.08) second

U(0.06,0.08) second

Eviction cost

U(1,1.2)

U(1,1.2)

Window size for request-rate estimati

DN

5

5

Table 1: Parameters of Four Experiments

In all the four experiments, we increase the request rate of MAN nodes, and observe how the average
access latency changes when the request rate increases (which means the file becomes more and more popt
lar). Each experiment has 9 stages, while inittie stage { < ¢ < 9) the average number of requests issued
by every MAN node per second is a random number with distributigm001 - 106=5/40.009 - 100—1/4),

(In each experiment, the network topology, the set of WAN nodes and the delay of each link remain the
same at the 9 different stages.) The performances of the three schemes in experiment 1 and 2 are shown in
Fig. 3(a) and (b). To get a better view of the relatively performance of the file placement scheme we propose
and the Coordinated En-Route Web Caching scheme, we show the performances of only those two schemes
in experiment 3 and 4 in Fig. 3(c) and (d). In those figur@seé, ‘ Path and ‘Nodé respectively mean

the file placement scheme we propose, the Coordinated En-Route Web Caching scheme and the scheme
which caches the file in every cache the file passes through, because those three schemes optimize the file
placement on a tree, a path and single nodes respectively.

It can be seen that both th&ree scheme and thePath scheme perform much better than thdode
scheme, while the performance difference betweenfies'scheme and theéPath scheme is comparatively
smaller. The figures imply that th@ath scheme is a big improvement on thiédde scheme, and théelree
scheme further improves the performance by optimizing the file's placement even better. In all the four

experiments, compared to thiedth scheme, theTree scheme saves the average access latency by 6 to 33
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percent in most of the stages, which can be regarded as substantial.

VI. CONCLUSIONS

In this paper we show that existing file placement policies for en-route caching are all solving restricted
partial problem of the original file placement problem, thus give only sub-optimal solutions. A low-complexity
dynamic-programming algorithm which outputs the optimal solution is presented. It's shown that the optimal
placement of web files can be implemented without prefetching. And both analysis and simulations show

that the optimal file placement solution can perform substantially better than other existing file placement
policies for en-route caching.
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