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Abstract

A request-level timed stochastic CPN model of a leaf Internet object cache is
proposed in this paper. The leaf cache is modelled as a discrete time discrete
event dynamic system together with its adjustable input-, measurable output,
disturbance and state variables.

The CPN model has been verified and validated against real measured
data. The developed model will be used form model-based optimal selection
of the most influental tuning parameters modelled as input variables on the
performance of the cache.

1 Introduction

Internet object caching is a widely used technique in the current Internet
environment. The primary function of object caches is to store popular
objects (originating from Web, FTP, Gopher servers in general) and in this
way they reduce repetitious accesses to the same resource. As a result, both
network bandwidth is saved and users perceived latency is reduced.

Several object caching software products exist which provide a rich set
of configuration settings, so cache administrators can easily configure the
software products. However, the initial configuration settings may not reflect
the given state of network, operating system and other cache influencing
parameters, i.e. these settings represent rather a static than a dynamic model.
Some articles has already claimed that adaptive approach outperforms other,
non-dynamic cache models [1],[2].

Therefore the aim of the project was to develop a request-level CPN model
of a leaf cache, to develop methods for its verification and validation against
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Figure 1: Cache hierarchy used for modelling a leaf cache

measured data in order to be able to investigate the effect of the most influ-
ential tuning parameters on the performance of the cache.

The paper is organized as follows. First the modelled system, the leaf
cache is described as a dynamic system together with its input, output,
state and disturbance variables. Thereafter the CPN model of the cache is
developed starting from the modelling assumptions with all of its elements:
hierarchy pages, places and transitions. Thereafter the methods and results of
the model verification follows and some simulation results are shown. Finally
conclusions are drawn.

2 The Internet Object Cache

2.1 System description

A simplified dynamic model of a leaf cache in a cache hierarchy is developed.
The cache server has a parent on a higher level. The cache hierarchy with
the place of the investigated leaf cache server is shown on Fig. 2.1.

The cache accepts requests from the clients and delivers the requested



objects to them either from its cached objects or downloaded either from the
hierarchy or from the original source.

If the requested object is not present in the leaf cache then it sends a
query to the hierarchy, in this case to its parent, to deliver it. It is assumed
that after a given time-out the cache is able to download the requested object
itself from the original source.

2.2 The modelling goal

The aim of our modelling is to find ways to tune the most influencing cache
tuning parameters in a model-based and adaptive way. Therefore the model
includes:

e the cache tuning parameters which influence the performance of web
caches primarily,

e the relevant set of state variables which describes the whole caching
process,

e the change of relevant internal cache variables over time,

e the most important measurable variables characterising the operation
and performance of the cache.

Because of the above modelling goal a request level mechanistic dynamic
model is needed which is able to describe the non-linear dynamic behaviour
of the cache over a wide operation region.

2.3 Dynamic (time varying) variables

The performance of a proxy cache is characterised by the hit-rate and by
the response time of the individual requests. Moreover, the quality of service
based on cached WWW-objects is also important where the ratio of stale
(i.e. not up-to-date responses) is of importance. The above variables can be
regarded as measurable output variables of the proxy cache as a dynamic
system and will naturally be the subject of optimisation or control.

The major dynamic variables influencing the behaviour of a proxy cache
are that of the characteristics of the requests. The number of requests per
hour is a time-varying and random variable which can be regarded as a
disturbance to the dynamic system. Its average value characterises the load
of the cache. However, the quality of the requests (the “difficulty” of the
requests) also plays role but it is rather difficult to associate a measurable
variable (or variables) to it.



The set of state variables of the proxy cache system consists of the vari-
ables which characterise the actual status of the cache comprising its “past”
into their value. The actual status of the resources of the proxy cache com-
puter relevant to caching play role here, such as the size and the content of
the cache memory and disc space, the content and organisation of the object
disc directories etc. The state variables in our CPN model reflect the current
state of the caching system using a reduced set of cache-related variables and
parameters.

Finally, the potential input variables, i.e. the measurable variables which
can be directly influenced, are surely among the 100 tuning knobs available
for tuning proxy caches. ;From this set the most influencing and important
variables are the available memory size, disk size, the processor capacity, the
sizes of the object disc directories, file handlers and the disc speed.

3 The CPN model

3.1 Modelling assumptions

In order to obtain a simple and feasible model of the caching system the
following assumptions have been made.

1. The cached objects are placed in a set (without ordering).

2. The query of parent and neighbours is performed in a broadcast manner
with specified time-out.

3. The name resolution procedure is not described, it is assumed that its
impact is negligible.

4. If there is no response from the hierarchy within the specified time-out
then the object is retrieved directly from the source server.

5. The processing of the required freshness of the requests (as specified
by the client) is not described.

6. The transmission time of the request from the client is assumed to be
negligible compared to the service time of the other processing steps
therefore this processing step is not modelled.

7. The effect of the hierarchy related tuning parameters is not investigated
therefore random variables are used to describe the average behaviour
of the hierarchy towards the cache.



With the assumptions above a hierarchical stochastic timed CPN model
6] is developed which is described in a top-down manner.

The model has been implemented and tested using the Design/CPN pack-
age [7] containing a CPN editor, a macro-language for declarations and pro-
cedures and a CPN simulator. The model is described using the syntax
of the Design/CPN package. The model pages of the CPN model are de-
scribed in details below. The contents of the declaration node is found in
the Appendix.. The PAGE IDENTIFIERS of the CPN model are denoted by

SMALLCAPS, places by bold and transitions by italic letters.

3.2 Most abstract view of the cache model:
the SUPERPAGE

This page contains the top hierarchy page of the model with the following
main elements: places and transitions.

Arrival
Registration
Registered

Is it in the cache?
Existence tested

Local object processing
(substitution transition)

Local object processing
done

Transmit to client

Remote object processing
(substitution transition)

Exit

arrival of requests (input from a file)

a unique identifier is given to the requests
registered requests, each request has a
unique (URL, identifier) touple

check if the given URL is present

in the cache

requests are marked for local or

remote processing

for requests present in the cache

detailed description of the processing
steps is on page LOCAL

request has been processed locally

(with appropiate time delay)

with random time delay

for requests missing from the cache

(the detailed description of the
processing steps is on page REMOTE)

end of request processing (output to a file).

3.3 Initialization: page INPUT

The timed requests are read from a file on this page and are transmitted to
the place ARRIVAL.
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Figure 2: The SUPERPAGE page of the model



3.4 Local object processing: pages LOCAL and MEM-
ORY UPDATE

On this page requests are read from the memory or disc and the last refer-
enced time of the objects is updated.

Local object processing
Local object

Locate object
Located first

Disk 1/0

the requested object is present in the cache
local request

check if the request is in the memory or on disc
request marked with memory or disc

input of the object from disc (its time stamp

is incremented by a random delay time based
on measured data)

Memory update needed we need to store objects read from disc in memory

Memory updated

Memory objects
Update enabled
Read from memory

Memory objects

Local object

memory has been updated (last reference time of the
object is updated). If there is no more space in
memory then an object is deleted from memory based
on last referenced time (see in details on page
MEMORY UPDATE).

the list of objects stored in memory manipulated

by the branch coming from Memory updated

the object list can be updated after memory update
the object is in memory, we read it and update memory
list of objects in memory updated by the branch
coming from Read from memory

local object processing done

3.5 Remote object processing: page REMOTE

The processing steps when the request is not in the cache are collected on
this page. The object is downloaded from the hierarchy or directly from the
source. Thereafter the object is stored both in the memory and on the disc
marked with the actual system time as its last referenced time. The garbage
collection from disc is also performed here based on the last referenced time

of the objects.

Is the object in the cache?
Remote object needed
Request broadcast

the object is not in the cache

remote processing is needed

send request: a random variable on the output arc of
this transition describes if the response comes from the
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Figure 4: The UPDATE page of the model

parent or we have to download the object directly from
its source

Object or timeout object to be downloaded marked by its source (directly
or from parent)

Timeout, direct connection the object is downloaded directly from its source, its
timestamp is incremented by a constant (tunable
parameter) time-out value and a random time associated
to the direct download

Object comes from hierarchy the object is downloaded from the hierarchy (i.e. from
the parent), its timestamp is incremented by a random
value chosen from a multiset representing the download
time from the hierarchy

Remote object received the object has been received

Update memory update the content of the memory

Disk update follows in parallel with the transmission to the client we have
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Figure 5: The REMOTE page of the model



to write the object to the disc, too

3.6 The most important tokens present in the CPN
model

3.6.1 Tokens associated to requests (color Rq)

Requests are described by special coloured tokens where their colour is a
vector of colours with elements

e request identifier: id (unique identification number)
e object identifier: url (Uniform Resource Locator)

e response source: src (local/from parent/from neighbour)

Moreover the requests possess their time stamp.

3.6.2 Tokens associated to stored objects (color Objs)

These are color set type tokens present on the places Memory objects,
Disk objects and Object list. The color Objs is a list of records where an
url and a time stamp showing the last usage time are put into a record.

The detailed description of all the other tokens used and all the procedures
written is found in the Appendix: The contents of the declaration
node.

3.7 Measurable variables and parameters of the model
3.7.1 Variables

The most important dynamic variables described in Section 2.3 are repre-
sented in the CPN model above in the following way.

1. disturbance variables
The cache load is modelled through the time dependent set of the
request tokens on the place Arrival.

2. output variables
Both the response time and the hit-rate as the main characteristic
variables are taken into account. The response time as a distribution
is computed from the time stamp of the arrived request tokens on the
place Exit while the hit-rate can be obtained from the src color item.



3. state variables
The state variables of the cache system are represented by the list of
the cached objects on the places Object list, Memory objects and
Disk objects.

4. potential input variables
The input variables are mainly present in various constraints, i.e. upper
limit on available resources in the CPN model, such as

e the maximal number of objects on the place Object list,
e the time-out value associated to the transition Request received,

e the maximal number of objects on the place Memory objects,

e the maximal number of objects on the place Disk objects.

3.7.2 Parameters

In addition to the dynamic variables the CPN model contains parameters
which characterise the modelled cache system. The model parameters are
mostly response times of various kind associated to the relevant transitions
in the CPN and can also be measured. These parameters possess random
and slowly time varying nature, i.e. they can be characterised by slowly time
varying distributions. The following table summarises the model parameters
and their location in the CPN model.

Identifier Meaning Transition
disk-io disk i/o response time  Disk I/O
trans-resp  transmission time Object comes
from the from hierarchy from hierarchy
send-client transmission time Transmit to client

to the client

4 Simulation using the CPN model

4.1 Simulation input

A simulation run is performed by specifying the initial marking which repre-
sent, the following cache variables:

e a set of request tokens put on the place Arrival,

e a set of tokens put on the places Object list, Memory objects and
Disk objects.



The set of request tokens is placed in an input file generated from the log
files of the caching software and read to the CPN simulator.

4.2 Simulation output
As a result of the completed simulation
e a set of processed request tokens on the place Exit and

e a set of new tokens on the places Object list, Memory objects and
Disk objects

is generated.

Since we are primarily interested in distribution of the processing time
of each request, the tokens collected at the place Exit are written out to an
output file for further processing.

4.3 Simulation results

All the branches have been tested individually using specially designed sim-
ulation inputs and observing the simulation output. We do not present any
slides from the simulation run, because the large number of tokens makes it
impossible to follow the simulation on paper.

5 Model verification

To be able to eliminate irrelevant details from our model and to verify it
against real behaviour we need to measure the static and dynamic charac-
teristics of the modelled object cache. The dynamic variables (input, state,
output and disturbance variables) of our CPN model have been measured
using special tools. In addition, the model parameters above have also been
determined from measurements either directly or in an indirect way.

5.1 Measurements

The caching software used at the modelled cache was Squid-1.1.17. [8] This
software generates two log files which are useful for analysing the cache activ-
ity. We applied a patch made available by Alex Rousskov [9] which enhances
the log file records by some time profiling data. It must be stressed that these
measured data contain per request based measurements since the profiling
data are measured by the caching software for every request. Details on the
measurements and measured data have been reported elsewhere [4].



The model parameters have also been determined from these measured
data.

e Disk input/output: the distribution of time needed for swapping an
object from/to the disk to/from the virtual memory

e Processing time of local object: the distribution of time needed for the
service of a local object (i.e. an object that can be serviced from the
cache)

e Retrieval time from the hierarchy: the distribution of time needed for
object retrieval from a different cache

e Retrieval time from the source server: the distribution of time needed
for object retrieval from the source server

e Request arrival rate: the distribution of time between successive client
requests

5.2 Comparison of the simulated model output and
the measured output variables

The initial marking, i.e. the simulation input of a simulation run have been
generated from the measured and evaluated per request based log files in
different cases, i.e. for different cache load and time interval. The model
output is generated therefrom by performing a simulation run and collecting
the simulation output.

The model output is then compared to the records of the same log files the
simulation input was generated from. The comparison is shown on Fig. 5.2.
We can say that good correspondence has been found between the mea-
sured and simulated data based on our log files. The shape of the two data
sets shows identical nature. The difference between the simulated and the
measured data originates from the gross tuning parameters: we used a very
limited number of data to specify the distribution of the model parameters.
(The specification of model parameters can be seen in the Appendix).

6 Conclusion and Future work

A novel stochastic timed CPN model of an Internet object leaf cache has
been developed and verifyed in the paper. The model has been implemented
and tested in the Design/CPN software environment.



Comparison of measured data and simulation result
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Figure 6: Comparison of measured data and simulation result

The aim of the modelling has been to use the model for control and
optimization purposes: to develop a model-based adaptive methodology for
tuning the cache parameters based on measured data and on the desired
objective (loss) function of the cache performance.

Having verified the CPN model the following model validation steps are
needed which will be the subject of our further research.

1. validation of the model output against measured data in different cache
load regimes,

2. model sensitivity analysis with respect to the variations in model pa-
rameters,

3. model sensitivity analysis with respect to the variations of the potential
input variables,

4. model refinement and simplification according to the aboves,

5. adaptive tuning experiments.
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Appendix: The contents of the declaration node

color ID = int; (* request identifier x)

color URL = string declare input_ms timed; (* object identifier *)
color Lrt = int; (* last referenced time *)

color Rt = with simple|conditional; (* request type *)

color Src = with present|missing|memory|disk|parent|neighbour|direct;
(* object source *)

color Obj = product URL * Lrt declare input_ms; (* object string

*)

color Objs = list 0bj; (* object string list *)

color URLs = list URL; (x URL list *)

color URLid = product ID * URL timed;

color Rq = product ID * URL * Src timed declare output.ms; (* request
record *)

color Lrq = product ID * URL * Src * Lrt timed; (* local request
record *)

color U = unit; (% unit for initialization *)

color Mupd = bool; (* used for memory update enabling/disabling *)

var id_a,id_b: 1ID;

var url_a, url_b: URL;

var urls_a: URLs;

var urlms: URL ms; (x URL multiset variable x)
var objs_a, objs_b, objs_c: 0Objs;

var src_a, src_b: Src;

var lrt_a: Lrt;

var upd.a: Mupd;

var u.,a: U;

var rqg-a: Rq;

val maxmem = 1000; (* maximum number of objects in memory *)

val maxdisk = 100000; (* maximum number of objects on disk *)

val reqarrival =4°1+8042+7584+5328+62816+111932+177164+3164 128+
3938256+3056 ‘512+29211024+21092048+1117 ‘4096+7918192+389 16384+
142°32768+1865536+4 131072+2262144+90 524288

(* time delay between successive requests *)

val swapout = 174+2199°8+3933‘16+17742‘32+35209‘64+7807 ‘128+3118‘256+
908¢512+266 € 1024+2032048+754096+38192+1 ‘32768;

(* swapout time *)



val swapin = 17°2+62464+41158+4724°16+8076‘32+1123964+6753128+3143 256+
1222¢512+3121024+1292048+324096+58192+116384+1 32768

(* swapin time *)

val sendhit = 122+4168°4+11007 ‘8+6074‘16+5061 ‘32+7470 ‘64+6290‘128+3868 256
+1734512+5741024+3302048+139 4096+76 ‘8192+69 16384+57 32768+
5865536+18°131072+19262144+7 ‘524288+1 1048576 ;

(* time it takes to process a ’hit’ object *)

val sendmiss = 91+1068°2+162244+19586 ‘8+4807 ‘16+6159 ‘32+8617 ‘64+
11361°128+9841256+6904 ‘512+4796 < 1024+4674 ‘ 2048+33224096+2113°8192+
1124°16384+62332768+363 ‘65536+170131072+79262144+57 524288+
33¢1048576+25°2097152;

(* time it takes to process a ’'miss’ object *)

val recvpar = 3°4+101°8+155°16+59232+1500 ‘64+2888‘128+3762256+4834 512
+32381024+2609 ¢ 2048+2393 4096+14258192+67216384+287 ¢ 32768+197 65536+
87131072+35262144+32524288+191048576+9 ‘2097152

(* hierarchy response time *)

val recvdir = 21°8+360°16+25732+618°64+1184°128+1584256+1515‘512+
1680¢1024+11362048+8414096+5758192+35116384+13232768+60 65536+
219131072+4°262144+2°524288;

(* direct object retrieval time *)

val frompar = 293‘direct+607 ‘parent;

(* relation of direct and hierarchy responses *)

(¥ derived from log file analysis *)

fun getmin(q: Obj, p: O0bj):0bj = if (#2(q)<#2(p)) then q else p;
(* returns the object with the lower *)
(* last referenced time value *)

fun last_used(l: Objs, a: O0bj, i: int):0Objs*0bj*int = if (i=length(1l))
then (1,a,i) else last_used(l,getmin(a,nth(1l,i)),i+1);

(* returns the object string which has the *)

(x lowest last referenced value in the list *)

(x in the second field *)

fun remove_last_used(l: Objs):0bjs =
ms_to_list(list_toms(1l)-1‘#2(last_used(l, (" ",maxage),startpoint)));
(* removes the last referenced object string *)

(* from an object string list *)

fun objcheck(objlst, myurl) = exists (fn elm => elm = (myurl, #2(elm)))
objlst;



(* tests whether an URL is in the list x*)

fun updateobj(objlist, myurl) = map (fn elm => if (myurl=#1(elm))
then (myurl, time()) else elm) objlist; (* updates the timestamp
of an URL in a list %)

fun remupd(objlist, myurl, oldurl) = map (fn elm => if (oldurl=#1(elm))
then (myurl, time()) else elm) objlist; (* removes oldurl from list
and inserts myurl *)

(* to list with actual timestamp *)

fun geto3(1:0bjs, i:int, j:int):int = if (#2(nth(1,i))<#2(nth(1,j)))
then i else j;

(* assistant function of getoldest *)

fun geto2(1:0bjs, i:int, j:int):0bjs*int*int = if (i=length(l)) then
(1,i,j) else geto2(1l,i+1,geto3(1,i,j)); (x assistant function of
getoldest x)

fun getoldest(1:0bjs):URL = #1(nth(1,#3(get02(1,0,0))));
(* returns the URL that has the lowest LRT value *)

fun objapp(l:0bjs, u:URL):0bjs = 1°"[(u,time())];



