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Abstract
Management

We present a peer-to-peer service management middleware 5 Station
that dynamically allocates system resources to a large set ata c\emer | =
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of applications. The system achieves scalability in num- 'l"'l' T- Segs
ber of nodes (1000s or more) through three decentralized g sy ss
mechanisms that run on different time scales. First, over- i > sy .. 0800 5
lay construction interconnects all nodes in the system for |'. .'. '."'.' s ,'-"'.
exchanging control and state information. Second, request o N [\ ‘ Sgw
routing directs requests to nodes that offer the corresponding / \

applications. Third, application placement controls the set of '\l\k { * /'))/l Entry

I ; ; - Point
offered applications on each node, in order to achieve efficient Internet oms
operation and service differentiation. The design supports a %/i/ 7 \% 9 Clients
large number of applications (100s or more) through selective
propagation of configuration information needed for request. 1. A possible deployment scenario for the design in this paper. The
routing. The control load on a node increases linearly with t/§gsign includes mechanisms that run on the servers in data centers, the entry

) L. . . . . .&)oints and the management station.
number of applications in the system. Service differentiation
is achieved through assigning a utility to each application,
which influences the application placement process. Simu-
lation studies show that the system operates efficiently for
different sizes, adapts fast to load changes and failures and
effectively differentiates between different applications under

overload. @ (b)
I. INTRODUCTION
Fundamentally, our aim with this work is to develop External Load S Ma;gl?;gem
engineering principles for large-scale autonomous systems, g Y _
where individual components self-organize and work together = S m N‘;‘:svf;';“gfs
towards a common goal that we can control. In this paper, we = departures
do this in the context of application services. We present a ©

design that dynamically allocates CPU and memory resources
to a potentially large number of applications offered by a
global server cluster. The novel aspect of our design is that f%'ﬂ
its functions, including resource allocation, are decentralized,
which forms the basis for scalability and robustness of the Fig. 1 shows a possible deployment scenario for the design
system. in this paper. The scenario includes several data centers and
Our design has three features characteristic to many peerstany entry points. The system offers a large variety of
peer systems. First, icales with the number of nodé®cause application services that are accessed through the Internet. We
each node receives and processes state information only froomsider computationally intensive services, such as remote
a small subset of peers that is independent of the systeomputations and services with dynamic content, e.g., e-
size. Second, the design isbust since all the nodes arecommerce, or online tax filing. Throughout the paper, we refer
functionally identical, and the failure of a node does not affetd the combined set of nodes in all the data centers as the
the availability of the rest of the system. Finally, the desigcluster
enables a large system &adlapt quicklyto external events. As  This work builds on earlier results by us in the context of
each node runs its local control mechanisms asynchronoushygineering scalable middleware for web services. It includes
and independently from other nodes, (periodic) local contrsignificant extensions and modifications to our earlier designs
operations are distributed over time, which lets parts of thgl], [2]), as we address important shortcomings of those
systems re-configure shortly after events (such as load chandesigns and conduct a more thorough evaluation of the system.
or node failures) occur. In [1] we introduced a design similar to the one in this paper,

. 2. Three decentralized mechanisms control the system behavior: (a)
ology construction, (b) request routing, and (c) application placement.



which is though restricted to a small number of applicationsundamentally speaking, supporting sophisticated resource

as each system application requires its own overlay. Th#ocation strategies on an entry point has all the disadvantages

design in this paper uses only a single overlay, which is maitierent to centralized control schemes, when compared to the

possible through the introduction of a forwarding table fodecentralized scheme we advocate.

request routing and the concept of selective propagation of i .

state to maintain the forwarding tables. In [2] we introducel- Pecentralized Control Mechanisms

a decentralized controller for application placement. In this Three distributed mechanisms form the core of our design,

paper, we use a simplified version of this controller, improvas shown in Fig. 2Topology constructioruses an epidemic

its scalability, and extend it to achieve service differentiatiofprotocol and a set of local rules to organize dynamically
The rest of the paper is organized as follows: Section tihe nodes into an overlay, through which they disseminate

gives an overview of our P2P design. Section Ill evaluatetate and control information in a scalable and robust manner.

the algorithm through simulation. Section 1V discusses relat&equest routingdirects service requests towards available

work. Finally, Section V concludes the paper. resources. This mechanism maintains the forwarding tables

of the nodes by disseminating information about which nodes

run which applicationsApplication placemerdynamically as-

A. System Model signs the cluster resources (CPU and memory) to applications.

We consider a set’ of nodes and a set of applications. A Resource allocation is achieved by continuously maximizing
node can run concurrently (instances of several) applicatiosutility function that takes into account the external load, the
We assume that the CPU and the memory are bottlenedkerational states of the nodes, and the management policies.
resources on each node. The CPU isoad-dependente- All three mechanisms run independently and asynchronously
source, as its consumption depends on the offered load. Teeach node.
memory is aload-independentesource, as we assume that it 1) Overlay ConstructionNodes self-organize into a logical
is consumed regardless of the offered load, i.e., even if tRgerlay network in which the links are application-level (TCP)
program processes no requests ([3]). connections. Nodes use the overlay to disseminate routing

We treat memory as a load-independent resource for sevéiéprmation and retrieve states/statistics from their neighbors.
reasons. First, a significant amount of memory is consumed byFor the purpose of our architecture, we searched for al-
an application instance even if it receives no requests. Secod@ithms that produce a bi-directional overlay graph with
memory consumption is often related to prior applicatiof constant degree. The topological properties of such an
usage rather than its current load. For example, even in @erlay facilitate balancing the control load. They also simplify
presence of a low load, memory usage may still be higtbiased estimation of the system state from a subset of nodes,
because of data caching. Third, as an accurate projectionagfthe state of each node can be sampled the same number of
future memory usage is difficult and many applications cannines by other nodes and each node has a neighborhood of
run when the system is out of memory, it is reasonable to Bt same size for retrieving state information. In addition, we
conservative in the estimation of memory usage, i.e., by usingnted to find algorithms that allow the overlay to regenerate

Il. SYSTEM DESIGN

the upper limit instead of the average. quickly after failures and to optimize it dynamically according
) to specific criteria.
B. The Role of the Entry Point Our overlay construction mechanism includes two protocols

Our design assumes the entry points have the functionalibat run independently of each other. First, an epidemic
of a layer-4 switch. While entry points with more advancegrotocol (CYCLON [5]) maintains on each node an up-to-
functionality, such as layer-7 switching, load balancing, afate cache of active nodes that can be chosen as neighbors.
sophisticated scheduling can provide similar functionality t8econd, a protocol (GoCast [6]) maintains the list of neighbors
our design, or fit in our design as well, we advocate usirgf a node and picks new neighbors from the cache as needed.
our design together with layer-4 switches, for the followingln our implementation, each node has four neighbors, while
reasons. First, the realization of a layer-4 entry point ibe size of the cache is 10.)
generally simpler, more efficient and more economical thanCYCLON maintains on each node a cache of siz&ach
that of a layer-7 switch [4]. Second, our approach is potentialbache entry has the following format:address, timestamp,
more resilient. Since a layer-4 entry point does not hold asyate information-. CYCLON periodically picks the cache
state information about load and resource usage, its failure véttry with the oldest timestamp, and sends the content of the
affect only the pending requests. Third, our solution scaléscal cache to the node with that address. The remote node
better. Policies such as service differentiation and qualitgplies by sending a copy of its own cache. Both nodes then
of service objectives are realized through the applicationerge the two caches, sort the merged list according to the
placement mechanism, which runs on every node of ttimestamps and keep themost recent entries. It has been
system, rather than on the entry point. A single entry poishown in [5] that the caches produced by CYCLON represent
can manage resources for only a limited number of nodesljacency lists of a graph with random-graph properties.
Increasing the number of entry points makes synchronizationThe GoCast protocol [6] selects the neighbors of the local
among them necessary and adds to the system complexigde from the entries of the CYCLON cache. GoCast ensures



TABLE |

applications that it will be running during the next placement
SAMPLE FORWARDING TABLE OF A NODE WITH LENGTH3.

cycle. After each such computation, the node advertises the

[App D | Nodes Offering Application | list of applications to the other nodes, which update their
QPP; 11(?-1100-1159 10.10.1.72] 10.10.2.33 forwarding tables. In this subsection, we propose a scheme
pp .10.1. . . . . ..
App 3 | 10.10.1.109| 10.10.345 10.10.1.79 for dynamically updating the forwarding tables in an efficient
and scalable manner.
App m | 10.10.1.232] 10.10.2.40 A straightforward solution to updating the forwarding tables

is for each node tflood periodically its application lisacross
that the overlay converges to a graph where each node k@soverlay. (This flooding scheme is similar to the propagation
approximately the same number of neighbotd X, which is  of |ink weight updates in OSPF.) Given the fact that each node
configurable. In addition, the protocol can continuously adjugknerates one update per placement cycle and that the number
the overlay graph following a specific optimization objectivesf neighbors of a node is bounded by the connectivity of the
such as finding overlay neighbors with lowest latency ([6])-overlay, a node processé€¥ V) update messages during each
CYCLON and GoCast, in combination, achieve our desigflacement cycle, wherd is the system size. Since the size of
goals of fast regeneration of the overlay after failures and thg application list is bounded, the length of an update message
possibility of dynamically optimizing the overlay topologyjs hounded as well, and the processing load on a node required
according to specific criteria. In case of a node failure, @ update the forwarding table grows With( V).
node can replace a failed neighbor with an active node from|n [2], we proposed an update scheme where the forwarding
its cache. By examining the content of thienestampand taple on each node contains the list of applications that are
state informationfields of the entries in its cache, a ”0d¢unning on every other node in the system. This table is
can identify a set of candidate neighbors that improve th@jled theglobal placement matrixMaintaining a copy of
optimization criteria for the overlay. the matrix at each node limits the scalability of the system,
The entry points are connected to the overlay in the follovgs the number of update messages increases linearly with the
ing way. Each entry point runs an instance of the CYCLONystem size. The scheme enforces a maximum message rate
protocol with a very large cache. It does not run GoCasin each overlay link, by buffering all the updates received by
however. This ensures that each entry point is connectedatiode during a time interval and aggregating them into a
a large number of active nodes, which facilitates balancirghgle message. Therefore, a node will process at mast
the load related to request routing. Also, the entry point doggdate messages per secondyeing the connectivity of the
not appear as the neighbor of any node in the overlay.  overlay. Note, however, that the size of an update message
2) Request Routing:Service requests enter the clusteincreases wittO(NV), and therefore the processing load on a
through the entry points (see Fig. 1), which function as layefiode increases linearly withv.
4 switches. Each entry point is connected via logical links |n this paper, we introduce an approach that involves
to a large number of nodes. An entry point directs incomingelective update propagatiao achieve a processing load on
requests to these nodes using a forwarding policy. In ogmode that is independent of the system size. The basic idea
design, we use a round-robin forwarding policy. is that a node propagates further only those updates that cause
Upon receiving a request from an entry point, a node deter-modification to its forwarding table.
mines its application type. The node processes the request if iUpon receiving an update message, a node modifies its
runs the corresponding application and if its CPU utilization ®rwarding table as follows. It extracts from the update four
below a configurable thresholgu,,... Otherwise, the node variables: thesender-idcontaining the address of the original
consults its forwarding table and routes the request to a pgehder node of the update, ttimestampndicating when the
that offers the required application. In the absence of overloaghdate was created by the sender, dpplication-list of the
a request will likely be routed once inside the cluster, since wender and thelistancein overlay hops between the sender
believe that a single node will typically offer a small fractiorand the current node. For each applicatigmp in the list,
of the applications in the cluster. the node performs the following operations. First, it searches
Table | shows an example of a node’s forwarding table. fiér app in its forwarding table. Ifapp is not found, the node
contains, for each application offered in the system, a configdds the tuplecapp<sender—id,timestamp,distanee to its
urable number of nodes that run that particular application. {able. (For reasons of simplicity, the sample forwarding table in
Table | this number is 3. The forwarding tables are maintain@@ble | has a different format and does not include timestamp
through the mechanism discussed in Section 1I-C.2. and distance.) Otherwise, tipp is in the table, the node
In order to avoid forwarding loops, a request header contaissarches for an entry of the formapp<sender-id,*,*>>.
the addresses of the nodes that have routed the requestif kuch an entry exists, but it is less recent than the update,
addition, the number of times that a request can be forwardgen its timestamp is updated. In case there is no entry of
is limited (to four in our design). The system drops the requestse form <app<sender-id,*,*>> in the forwarding table, the
that exceed this limit. node adds the tuplecapp<sender-id,timestamp,distanee-
Selective Propagation of the Routing Updatés discussed to its table, if there is space in the table. In case there is no
in Section 1I-C.3, a node periodically computes the list adpace, the node overwrites an existing tuple if the update has



TABLE I
PERFORMANCE COMPARISON BETWEEN THE SCHEMES FOR DISSEMINATING CONFIGURATION UPDATES

[ [ number of messages per noflemessage length load per node]

Flooding O(N) 0(1) O(N)
Global Placement Matrix O(1) O(N) O(N)
Selective Propagation O(A) 0(2) O(A)
a smaller distance to the sender. the relative importance of an application. Our approach to

The update message to be further propagated by timaximizing a global utility function is to perform a local
node is constructed as follows. The node removes from tbptimization on each node, based on state information from
application-list of the received message each application thas neighborhood. Our earlier work shows that such a heuristic
does not lead to a modification of its forwarding table. I€an produce a solution that is close to optimal [1], [7].
the application list is empty, the node does not propagateWe model the problem as follows. For a nade A, letT,,
the update any further. Otherwise, it sends the update to aisd Q,, be its memory and CPU capacities, respectively. Let
neighbors, with the exception of the node where original thé be the set of applications offered by the system &ndthe
update came from. set of applications that run on node (A node generally runs

For robustness purposes, the entries of the forwarding tablemall subset of all the applications offered by the system.)
are soft state, and each entry expires after a preconfiguregror an applicatiorn € A, let v, be the memory demand
timeout. For this reason, each node advertises its complefean instance of: andwd*™e"? the total CPU demand far
configuration after each placement cycle. in the system. Letvg“m*? be the CPU demand on node

Regarding the performance of the selective update prapr o andw3“r?'v the CPU supply that allocates tou. Each
agation, we note that the load on each node depends on &pglicationa has a utility parametet,, that defines its relative
connectivity of the overlay and on the number of applicationsimportance.

A, but is independent of the system siXe A node processes (The CPU demand and the CPU supply are measured in
O(A) update messages during a placement cycle. Since theuU cycles/second. We assume that all the nodes have the
size of the application list is bounded, the length of an updaggme CPU architecture and therefore an application request
message is bounded as well, and the processing load on a nesigds the same number of CPU cycles on all the nodes.)
required to update the forwarding table grows witA4). We define the utility provided by a nodeas the weighted
Table Il compares the performance of the three schemggm of the CPU resources supplied to each application:

for propagating updates. The columns indicate the number.Qfyiz,,, = ° cr. witPPlyy, - and the system utility as:

update messages that each node processes per placement Q}’E'Jﬁ',ty = S nen Snea wi?gpzyua_

the length of these update messages, and the processing l0gge state the problem of application placement as follows:
induced on a node by the update propagation, computed as

the product of the first two columns. max » > wi Py, )
While in the flooding scheme and the global placement neN acA
matrix the processing load increases with the system size,_in
. . . such that

the selective update propagation scheme the load increases

with the number of applications, but is independent of the Vne N r, > Z Ya 2)
system size. We can therefore conclude ttes selective wER,,

propagation scheme scales with the system size vn e N O > Z WSuPply 3)

Note that for certain parameter ranges of the system size and
the number of applications, flooding might perform similar to
the selective update scheme. As our simulations show, thigrmulas 2 and 3 stipulate that the allocated CPU and memory
happens when a system that has a small size runs a laiggources on each node cannot exceed the node’s CPU and
number of applications (see Fig. 6). memory capacities, respectively.

An interesting property of the selective dissemination Our placement algorithm executes periodically on each
scheme is that it distributes the nodes offering an applicationde. The time between two executions of the algorithm is
uniformly in the forwarding tables of the other nodes. We wiltalled theplacement cycle
study this property in more detail in future work. The placement algorithm has three consecutive phases. In

3) Application PlacementThe goal of application place- the first phase, a node gathers placement and load information
ment is to maximize continuously a utility function. Thdocally, as well as from its neighbors. In the second phase, the
optimization process takes into account, for each applicatiomgde determines a set of applications to run locally during the
the external demand for resources, the supply provided bgxt placement cycle. In the last phase, the node carries out
each node and a utility parameter that captures the relatihe placement changes (i.e., start or stop of applications) and
importance of each application. This approach allows tteelvertises its new placement configuration to other nodes. We
system to adjust dynamically its configuration to changes give the pseudo-code of the algorithm in Fig. 3 and describe
the external load, or to a new management policy that changegh of its phases below.

aER,



class Applinfo {
string app_id;
double cpu_demand, cpu_supply, utility_parameter;

List<ApplInfo> active_apps, standby _apps, new_active_apps, all_apps;
double max_utility, utility;

7. while(true) {
8. active_apps=getLocalActiveApps();
9. all_apps=getApps(forwarding_table);
10. standby_apps=all_apps-active_apps;
11. neighbors=getOverlayNeighbors();
12. standby_apps=getAppStats(neighbors, standby_apps);

13. active_apps=sortincreasing(active_apps);

14. standby_apps=sortDecreasing(standby_apps);

15. new_active_apps=active_apps;

16. max_utility=currentUtility()

17. for(i=0..active_apps.size()) {

18. utility=transferResources(top i active_apps, standby_apps);
19. if(utility>(max_utility+change_cost)) {

20. max_utility=utility;

21. new_active_apps=active_apps-top_i_active_apps+sel_standby_apps;
22. }

23.

24. advertise(new_active_apps);

25. if(new_active_apps!=active_apps)

26. stopAndStartApps(active_apps, new_active_apps);

27. wait end of placement cycle;

28. }

Fig. 3. The pseudo-code of the application placement mechanism.

Phase 1: Gathering State Informatio node retrieves that the node would add to its utility in the case when it
the set of active application® that it is currently offering would fulfill the unsatisfied demand for those applications, i.e.,
and it gathers statistics (CPU supply and demand) for eaghy", .. i npors (@Wica "* — wi?P!¥). Intuitively, the place-
application inR (line 8). A node also retrieves from its for-ment controller tries to replace low-utility applications from
warding table a list of all the applications offered in the systefR with high-utility applications inS, so that the local utility
(line 9). Any application that is offered by the system, but i maximized.
not currently active on the node becomes a potential candidathe placement algorithm hakR| + 1 iterations ¢ =
to be activated on the node during the current placement cyole - |R|). During the first iterationX = 0), it does not remove
and is added to a standby s&{line 10). A node retrieves from any application fromR. If the local noden has available
each overlay neighbor the list of applications(a; ---a,,) memory and CPU cycles (i.e[;/*¢ > 0 and Q/*¢ > 0),
running onz, the memory requirementsy,, - - - va,,) of those then the algorithm attempts to add one or more applications
applications, the CPU cycles/secon(u&i;’jﬁ’lp’y, e ,w;f‘;ﬁﬁ‘y) from S to R. This is done by selecting applications from the
delivered to those applications, and the CPU demands of thasp of S, subtracting the cost for starting the applications, and
applications (wd¢mend, ... wdemand) “|n addition, neighbor evaluating the resulting gain in utility.

x also reports the locally measured demands for applicationsDuring iterationk > 0, the algorithm removes the top

it could not route, since they are not offered in the systeapplications fromR. It then computes the available memory
(lines 11-12). (A high demand or utility for these inactiveand CPU resources and attempts to assign these resources to
applications might trigger their activation during the nexipplications inS in the following way. The algorithm attempts
placement cycle.) to fit the first applications; € S into the available memory.

Phase 2: Computing a New Set of Active ApplicationH. this operation succeeds, then the algorithm attempts to
The placement algorithm attempts to replace a subset alfocate the entire unmet CPU demand £or This means that
applications iR with a subset of applications ifi, so that the min((w?® — wZ®!), Q/°¢) CPU cycles/second are allocated
utility of the node is maximized. Since the candidate space far applications; . If there is not enough free memory to §it,
the optimal configuration grows exponentially wjiRUS|, we the algorithm continues with the next applicatione S, etc.
apply a heuristic that reduces the complexity of the problelhe iterationk ends when either the free memory or CPU
to O(|R| # |S|) (lines 13-23). are exhausted, or when all the applicationsSirhave been

On a noden, we remove fromS all the applications for considered.
which the supply matches the demand. The active applicationAfter each iteratiork, the placement controller produces a
in R,, are sorted in increasing order of their utility which wenew placement solutio®” that lists a set of applications to
define as the load delivered lyto applicationa, multipled by run on the local node during the next placement cycle. At the
the utility coefficient ofa, i.e., u,w5*?P!¥. The applications in end of the loop, the placement algorithm returns from the set
the standby sef are sorted in decreasing order of the amoudtR*|k = 0,1,--- ,|R|} the configuration that maximizes the



utility of the node. 30 sec. A node limits the size of its forwarding table to four
The algorithm computes the cost of stopping and startimpdes for each application, unless otherwise specified.
applications (thechangecostvariable, defined in line 19) by We assume that a request for each application has the same
multiplying the current utility of the node by the time neededverage execution time of 250 ms. On a node, the execution
to start and stop the applications computed in this phase.times of the requests follow an exponential distribution with
this way, a node that delivers a low utility is more likely tox = 4sec™'. We assume further that the memory requirement
change its configuration. v, for an instance of application is uniformly distributed
Phase 3: Reconfiguring and Advertising the New Configver the set{0.4, 0.8, 1.2, 1.6} GB.
uration. The algorithm advertises its current configuration We have conducted simulations with a load pattern based
(line 24) and switches from the old configuration to the newn the power-law distribution where applications are ranked
configuration by stopping and starting applications (line 25)according to their popularity and the application with rank
a is assigned a value proportional & 2-1% [10]. We obtain
) the average external load (measured in CPU cycles/second)
A. Evaluation Setup for the application with ranka = 1,2,3... by choosing
We evaluate our system through simulation according to figerandom weight in the intervdD, a=216], normalizing the
criteria. Efficiencycaptures the capability of the system to opresulting distribution, and multiplying the distribution with the
erate exhibiting high performance parameters in a steady stét¢al external load. The arrival of individual service requests
Scalability captures the capability of the system to maintaiis modeled as a Poisson process.
similar performance characteristics when its size increasesEach simulation run lasts 600 sec. We start measuring
Adaptability captures the capability of the system to resporafter 210 sec, which represents the warm-up phase for the
to a change in the operating conditions by reconfigurimmulation. Each point in Figs. 4-9 represents the average of
and converging to a new steady staRobustnessaptures 20 simulation runs.
the capability of the system to respond to node arrivals, For all experiments except manageability, we assign the
departures and failures, by reconfiguring and converging tasame utility parameter to all applications, which means that the
new steady state. In this paper, we understanahageability global utility function that the system attempts to maximize is
as the capability of the system to adjust its configuration the utilization of its combined CPU resources.
changes in management policies. In all experiments, we use three output metrics to measure
The simulated system is written in Java and uses javaSithe system performanc8atisfied Demanis the ratio between
ulation [8], a package that provides a general framework fthie CPU resources supplied by the system to the applications
process-based discrete event simulation. (We also implemerded the total CPU demand (which we also call the external
our design on a testbed using Tomcat [9]. Measurements dodd). Since we assume that a request for each application
experiences from the testbed will be reported elsewhere.) takes, on average, the same amount of CPU resources, the
We simulate a node as having two FIFO message buffeystisfied demand can be understood as the rate of the executed
that store the service requests and the control messageguests divided by the rate of the incoming requests, i.e., the
respectively. Every 10 ms the node processes all messagg® between service rate and arrival rate. A satisfied demand
in these two buffers. Therefore, each message experiencesf 4, for instance, means that the system processes all the
delay between 0 and 10 ms, before being processed. In itheoming requests. One minus the satisfied demand gives the
case of the request buffer, the node moves a request thafrdttion of the requests that are dropped by the system. The
can serve locally into its list of active requests being executatumber of configuration changes the (average) number of
This list has a capacity of 50, which means that a node capplication—start and application—stop operations that a node
concurrently execute 50 service requests. As a request hagpearforms during one placement cycle. Té¢wntrol load gives
average execution time of 250 ms (see below), the servite (average) number of control messages received by a node
capacity of a node is 200 reqgs/sec. If a service request canimobne second. The messages are generated by the control
be executed locally, it is forwarded to another node or droppadechanisms of the system, namely, overlay maintenance,
The memory capacity’,, of a node is uniformly distributed dissemination of the routing updates, and retrieval of the
over the sef{1,2,3,4} GB. neighborhood state.
For the simulations, the size of the cluster varies between ) ]
50 and 800 nodes, and there is one entry point per 28p Evaluation Scenarios
nodes. If a system has multiple entry points, the requestl) System EfficiencyWe assess the system efficiency for
generator distributes the external load equally among thewarious intensities of the external load. The load intensity
In all experiments, we set the cache size for CYCLON to 18 represented using théPU load factor(CLF), as defined
and the target number of overlay neighbors for GoCast to 4.iA [3]. The CLF is the ratio between the total CPU demand
node gathers state information from all the nodes within twaf the applications and the total CPU capacity available in the
overlay hops (a maximum of 17 nodes for a network whesystem:CLF =", wiemend /5 Q.
each node has 4 neighbors). Each node runs CYCLON everyig 4 shows the system performance for different values
5 sec, GoCast every 1 sec and application placement evefyCLF up to 2.0, which corresponds to an arrival rate that

I1l. SYSTEM EVALUATION THROUGH SIMULATION
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g 801 /§h—/ of a centralized resource controller that manages all the system
S 70
2 601 / nodes.
s o] / An unexpected result is that the control load per node de-
§ 30 7 creases with the external load. The fraction of the control load
& ig 1 that changes with the external load stems from routing updates
0 (see Section II-C.2). We explain the measurement result by

P the way in which the placement algorithm chooses the set of
. . . active applications on a node. Since it sorts the applications
Fig. 4. System efficiency as a function of the CPU load factor (CLF). in the ofdper of their decreasing unsatisfied demang,pit favors
is double of the maximum service rate. The system undeigh-demand applications in its decisions. Consequently, low-
evaluation has 200 nodes and runs 100 applications. demand applications tend to be stopped and, therefore, the

As expected, the satisfied demand decreases and the numbgiber of active applications in the system tends to decrease
of configuration changes increases when the external loagl the external load increases. The decrease in active ap-
increases. The system utilization, computed as the productpdtations means a smaller number of routing updates, and,
satisfied demand and CLF, increases almost linearly untiltkerefore, a lower control load. To avoid starvation of the low-
CLF of 0.6, then flattens out and becomes almost constant flgmand applications, a user can increase the utility parameters
CLF>1.2. for these applications, as described in Section IlI-B.6.

The maximum (average) utilization that our system achieves2) Impact of the Forwarding Table Size on the System
under these conditions is about 95%. The main limiting fact&fficiency: In this set of experiments, we measure the system
of achieving higher utilization stems from memory fragperformance while varying the size of the forwarding table.
mentation. According to our simulation configuration, soméhese measurements allow us to find a tradeoff between the
applications, which require a large amount of memory (1.2G®ntrol load for update dissemination on the one hand, and
or 1.6GB), cannot run on certain nodes (that have only 1GRtisfied demand and configuration changes on the other.
of memory). This reduces the number of nodes that can runWe run the experiments for a system with 200 nodes. Fig. 5
these applications. While an ideal system (i.e., a centralizgiyes the results for the case where the length of each row in
system that has the combined resources of all the nodes in e forwarding table is 1, 2, 4, 8, 16 and 200.
simulated system) can generally achieve a utilization of 100%,We observe an initial significant gain in satisfied demand,
memory fragmentation limits in a similar way the performancigom a length of 1 to a length of 4, above which the gain in
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Fig. 6. System scalability. Fig. 7. System adaptability: reaction to addition of new applications.

satisfied demand becomes very small. As expected, the numdygplications, such as online auction sites.

of configuration changes decreases with the length, while the4) System AdaptabilityWe evaluate the system adaptabil-
control load increases with the length. These experiments ligglfor the case where new applications and additional load are
us to choose 4 as the length of the rows in the forwardingided to a system with 400 nodes. Initially, the system is in
table. steady state, offering 50 applications and having an external

3) System ScalabilityTo assess the system scalability, wépad of CLF=0.4. After 300 sec, we add instantly 50 new
vary the system size from 50 to 800 nodes, while the numb@pplications that induce an additional load of CLF=0.4 in the
of applications is set to 100. Fig 6 shows the results of thesgstem, which brings the total load to CLF=0.8. Fig 7 shows
experiments. the result of this experiment.

We observe that the satisfied demand and the (averagef\s expected from Fig. 4, after adding new load to the
number of configuration changes per node mat depend system, the satisfied demand decreases, the number of configu-
on the size of the system, within the parameter range waiion changes increases and the load per node decreases. After
are measuring. This shows that request routing effectivedlye system reaches a steady state, the performance metrics
balances the load for all system sizes considered. show values that are consistent with the measurements in

The control load per node increases up to a system sizeFi@- 4.

200 nodes, then flattens and slightly decreases. We explain th&urprisingly for us, we observe that all three output metrics
initial increase in load by the fact that our approach, selectiggow different settling times. The satisfied demand converges
update dissemination, performs as well as flooding, as longiasabout two placement cycles, the number of configuration
the system size is comparable to the number of applicatiotfanges in four, and the control load on a node in about
(see Section 1I-C.2). When the system size increases above 26¢en. We explain this divergence by the imperfection in
nodes, our approach reduces the load compared to flooding.thg decentralized placement, where nodes continue making
we argued in Section 1I-C.2, for a large system size, the conteflanges to their local configuration without improving the
load does not depend on the number of nodes, but only on gadisfied demand.

number of applications. This leads us to the conjecture thats) System Robustnes®Ve evaluate the system robustness
this system can scale to any size regarding the performaricethe case where a subset of the nodes in the system fails.
metrics considered here, as long as the number of applicatidiee initial size of the system is 400 nodes and the external
remains bounded. This is a useful feature for systems wittad is CLF=0.5. We run two experiments in which a system in
a large number of machines and only a limited number efeady state experiences node failures after 300 sec. In the first
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tiated service by changing, at runtime, the utility parameter
for each application (see Section II-C.3). Increasing the utility
parameter of a specific application results in an increased
experiment, 10% of the nodes fail. As a result, the amount sétisfied demand for that application and its deployment on
system resources decreases and the load becomes CLF=@&3arger number of nodes. (We define the satisfied demand of
In the second experiment, 50% of the nodes fail and the load application as the ratio between the rate of serviced requests
thus becomes CLF=1.0. Fig. 8 shows the system reaction &vided by the request arrival rate for that application.)
both experiments. For this experiment, a system with 400 nodes offers 50
After the failures, the system reaches a new steady stapplications, and the external load is CLF=1. Initially, all the
We observe that, if 10% of the nodes fail, the output metriepplications have the same utility parameter, equal to 1. After
are approximately the same as before the failures. In tBBO sec, the utility parameter of the applications 3 and 4 is
case where 50% of the nodes fail, the output metrics charigereased from 1 to 10.
significantly. We explain the difference in the outcome of these Fig. 9 illustrates how the system reacts to this change.
two experiments with the fact that, in the first case, the loale show the satisfied demand for the applications 1, 2, 3
increases from CLF=0.5 to 0.55, while, in the second case, ted 4 (out of all 50 applications). Applications 1 and 2 do not
load increases from CLF=0.5 to 1.0 (which means overloa@xperience an increase in utility, while applications 3 and 4
Note that these output metrics are consistent with the valuds. The figure shows how the changes of the utility parameters
in Figs. 4 and 6. affect the satisfied demand and the number of nodes on which
The system recovers surprisingly fast and reaches a steadgh application is active.
state, even after massive failures. We explain this behavionWe observe that the change in the utility parameters signifi-
by the fact that the overlay construction mechanisms operatntly increases the satisfied demand for applications 3 and 4,
on a faster timescale than the application placement (1 selile the satisfied demand for applications 1 and 2 decreases.
for Gocast and 5 sec for CYCLON, vs. 30 sec for théThe average satisfied demand in the system is around 87%).
application placement). Therefore, with very high probabilityat the same time, the number of nodes on which applications
the overlay is rebuilt completely within one placement cyclgd and 4 are active increases, while the number of nodes on
after a failure. The rebuilt overlay enables all nodes to functiamhich applications 1 and 2 are active decreases.
properly again, specifically, to receive routing updates andWe conclude that our system can effectively provide service
state information from their neighborhood. As the overlagiifferentiation in an overload scenario, and that the system
recovers fast, the system reacts to a failure similarly as it wowddministrator can control the service differentiation through
to a sudden increase in load. the utility parameters. Increasing the utility parameter for an
As in the case of Fig. 7, all the three output metricapplication usually does not only increase its satisfied demand,

Fig. 8. System robustness: reaction to failures.



but also its resilience to failures, since the number of nodapplication to node failures increases, as more nodes start
on which it is active is increased. offering it. We have demonstrated service differentiation under
Note that predicting the satisfied demand for a given utilitgverload conditions (see Fig. 9).
parameter is difficult to achieve, since it depends on theWe are in the process of implementing and evaluating the
demand for all the applications in the system. The curredésign described in this paper in the Tomcat environment.
design allows increasing the satisfied demand for a specifibe request routing mechanism runs as an application filter
application only up to a certain point that depends on the Tomcat, following the approach we described in [17]. We
external load. To achieve a 100% satisfied demand forage evaluating the performance of the system using the TPC-W
specific application, changes to the scheduling mechanismamd RUBIS benchmarks.
the nodes are needed. A number of issues require further consideration. Our
current design does not address the server affinity problem
and the concept of the user session. In addition, we did not
The application placement problem, as described in Semnsider the interaction with the database tier in our design,
tion 1I-C.3, is a variant of the class constrained multiplewhich limits the use of the current scheme to applications that
knapsack problem, which is known to be NP-hard [12Ho not require transactional capabilities or state persistence.
Variations of this problem have been studied extensively in
several contexts. In the area of application placement for
web services, this work is closely related to thentralized ~ This work was supported by the Graduate School of
placement algorithm [3]. Telecommunications (GST) at KTH and an IBM Faculty
Stewart et al. [11] present a centralized method for adward.
tomatic component placement that maximizes the overall
system throughput. In the area of content delivery and stream L _
processing, [L3], [14], [15] describe methodologies for placirg &Atem ane . Siacer i Mddevere Desun o aroe scale Chsters
a set of operators in a network, by balancing two objectives: management (eTNSMyol. 3, No. 1, 2006
(a) minimizing the delay of the information delivery and (bJ2] C. Adam, G. Pacifici, M. Spreitzer, R. Stadler, M. Steinder, C. Tang, “:’A
minimizing the bandwidth used to send the information. In :%E,’\‘A:e?e"c"’;]".Zg‘ip’g’;’f:';ggggigg!aﬁ:;egg&?”"O"er for Web Applications,
the context of utility computing, [16] presents a decentralizgg] A. Karve, T. Kimbrel, G. Pacifici, M. Spreitzer, M. Steinder, M. Sviri-

placement algorithm that clusters application components ac- denko, A. Tantawi, “Dynamic Application Placement for Clustered Web
cording to the amount of data they exchange Applications”, the International World Wide Web Conference (WWW)
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