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ON-DEMAND UTILITY SERVICES UTILIZING 
YIELD MANAGEMENT 

FIELD OF THE INVENTION 

[0001] The present invention relates to techniques for 
provision of on-demand utility services and, more particu 
larly, to techniques for provision of on-demand utility ser 
vices utilizing a yield management framework. 

BACKGROUND OF THE INVENTION 

[0002] It is knoWn that a group of computing resources 
that perform one or more related functions may be referred 
to as a “computing center.” Typically, a computing center 
may be composed of a number of processor resources (e.g., 
servers), disk storage, applications, softWare tools, and inter 
nal communication links betWeen the various devices and 
With the external clients. Clients send their jobs to the 
system through an external netWork and jobs are queued and 
processed through the system. Results may be received by 
clients during the process or only at the end of the process. 
Computing centers may take on a number of forms such as, 
for example, Web server farms, scienti?c computing centers, 
or on-demand facilities for general computing use. 

[0003] It Would be desirable for resource management 
systems associated With such computing centers to take into 
account the varying requirements of different customers 
(clients), and the different levels of service that Were prom 
ised to each client. 

[0004] Currently, resource management in computing cen 
ters attempts to satisfy constraints associated With the com 
puting needs of the current clients of the system. HoWever, 
no existing resource management system associated With 
such computing centers incorporates yield management 
techniques. In particular, there is no such system that con 
siders global objectives and makes use of a possibly high 
degree of price and demand segmentation to achieve those 
objectives and links them With the operation (e.g., resource 
allocation, scheduling, monitoring) of the computing center. 

[0005] Thus, a need exists for improved resource manage 
ment techniques associated With computing centers. 

SUMMARY OF THE INVENTION 

[0006] The present invention provides techniques for pro 
vision of on-demand utility services utiliZing a yield man 
agement frameWork. 

[0007] For example, in one illustrative aspect of the inven 
tion, a system for managing one or more computing 
resources associated With a computing center comprises: (i) 
a resource management subsystem for managing the one or 
more computing resources associated With the computing 
center, Wherein the computing center is able to provide one 
or more computing services in response to one or more 

customer demands; and (ii) a yield management subsystem 
coupled to the resource management subsystem, Wherein the 
yield management subsystem optimiZes provision of the one 
or more computing services in accordance With the resource 
management subsystem and the one or more computing 
resources. 

[0008] The yield management subsystem comprises a 
yield management reservation subsystem Which determines 
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one or more optimiZed price/service-level combinations 
associated With provision of the one or more computing 
services. Further, the yield management subsystem com 
prises a yield management scheduler Which determines one 
or more schedules for providing the one or more computing 
services in accordance With the one or more optimiZed 
price/service-level combinations. Also, the yield manage 
ment subsystem comprises a yield management monitor 
Which tracks one or more service level agreements and a 

degree of satisfaction thereof, and Which compiles aggregate 
statistics for use by the a yield management reservation 
subsystem. Still further, the yield management subsystem 
comprises one or more yield management marketing strat 
egy templates Which provide one or more yield manage 
ment-based marketing strategies for use by the a yield 
management reservation subsystem. 

[0009] The yield management subsystem may further 
comprise a service level agreement advisor Which adds one 
or more customer-speci?c service requirements to the sched 
uling of a Workload of a customer on a virtual cluster 
allocated to that customer. The one or more computing 
services may comprise one or more on-demand utility 
services. The yield management reservation subsystem may 
be further operative to offer more than one price for the same 
service level, Where prices are offered in limited quantities, 
and the quantities are optimiZed depending on resource 
levels and demand models. The yield management reserva 
tion subsystem may be future operative to suggest varying 
the quantities to be made available at each price and service 
level over a given period of time so as to effect usage 
patterns. The resource management system may comprise 
one or more of a subscription module, a billing module, a 
service level agreement de?nition module, and a provision 
ing module. 

[0010] These and other objects, features and advantages of 
the present invention Will become apparent from the fol 
loWing detailed description of illustrative embodiments 
thereof, Which is to be read in connection With the accom 
panying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] FIG. 1 is a block diagram illustrating a computing 
center environment With Which techniques of the present 
invention may be implemented; 

[0012] FIG. 2 is a block diagram illustrating an imple 
mentation of a yield management system Within a comput 
ing center architecture, according to an embodiment of the 
invention; 

[0013] FIG. 3 is a diagram illustrating a yield manage 
ment-based methodology for use in accordance With a 
computing center architecture, according to an embodiment 
of the invention; 

[0014] FIG. 4 is a block diagram illustrating a generaliZed 
hardWare architecture of at least a portion of a computer 
system suitable for implementing a yield management-based 
computing center, according to an embodiment of the 
present invention; and 

[0015] FIG. 5 is a diagram illustrating marketing strategy 
templates, according to embodiments of the present inven 
tion. 
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DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0016] The present invention provides techniques that 
allow a yield management system to link to an existing 
resource management system associated With a computing 
center. While illustrative embodiments Will be described in 
the context of an on-demand utility computing center, it is to 
be understood that the principles of the invention are not 
limited to such computing environments but are more gen 
erally applicable to any type of computing environments in 
Which yield management techniques may be useful. 

[0017] Before providing detailed descriptions of the 
inventive techniques, some terms used herein Will be gen 
erally de?ned. 

[0018] A “demand,” as generally used in accordance With 
the invention, refers to an estimate of the likely number of 
users or requests to the system, and generally depends upon 
the characteristics of the system. For example, the better the 
system, the higher the demand. 

[0019] A “price” is a characteristic of the system that, as 
generally used in accordance With the invention, refers to the 
cost paid by a user of the system for the use or request in 
question. 

[0020] A “service-level” is also a characteristic of the 
system that, as generally used in accordance With the inven 
tion, refers to non-monetary attributes of the service pro 
vided, e.g., processing time, reliability, guarantee of access, 
etc. 

[0021] A “product,” as generally used in accordance With 
the invention, refers to a price-service-level pair or combi 
nation. For example, use of capacity in a hosting facility may 
be offered at a certain price and With a particular guarantee 
of access. Then, the same capacity at a different price and/or 
With a different guarantee of access is a different product. 

[0022] An “on-demand utility service,” as generally used 
in accordance With the invention, refers to information 
technology (IT) services Which alloW businesses to access 
IT infrastructures, softWare applications and business pro 
cesses over the netWork When, and only if, they need them. 
A further characteristic of an “on-demand utility service” is 
that it converts IT from a ?xed to a variable cost. 

[0023] Thus, in accordance With principles of the inven 
tion, techniques de?ning hoW an on-demand utility service 
can be operated With a yield management system are pro 
vided. 

[0024] As Will be illustratively explained in detail herein, 
the present invention provides techniques for the implemen 
tation and use of yield management-based utility services. In 
general, an illustrative system embodying the yield manage 
ment-based methodology includes a yield management res 
ervation system, a yield management scheduler and arbitra 
tor, a service level agreement advisor, a yield management 
monitoring system and statistics generator, yield manage 
ment marketing strategies templates, and customer-facing 
modules such as subscription and billing services. 

[0025] The yield management components are based on a 
?ne segmentation of customer demand using data on price/ 
service-level elasticities (also knoWn as price/service-level 
sensitivity, elastic demand curves, etc.) that relate levels of 
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demand to price and service levels offered to the clients and 
link these demand-side characteristics With the supply-side 
through a yield management scheduler and arbitrator and the 
yield management reservation system. Thus, an on-demand 
utility computing center of the invention may be character 
iZed by a yield management reservation system that o?cers 
more than one price for the same service level, Where prices 
are offered in limited quantities, and the quantities are 
optimiZed depending on resource levels and demand mod 
els. 

[0026] Accordingly, the invention provides methodologies 
for linking a yield management reservation system With 
resource allocation systems for computing centers and for 
converting an existing platform to a yield management 
driven system. 

[0027] Referring initially to FIG. 1, a block diagram 
illustrates a typical computing center environment With 
Which techniques of the present invention may be imple 
mented. As shoWn, computing center environment 100 com 
prises: a plurality of clients 102-1, 102-2, . . . 102-N and a 

computing center 104 coupled via an external netWork 106. 
By Way of example only, external netWork 106 may be the 
Internet or World Wide Web. 

[0028] Computing center 104 itself comprises a resource 
management subsystem 108 comprising an allocation and 
scheduling module 110 and a monitoring module 112. Com 
puting center 104 also comprises a billing and subscription 
subsystem 114 comprising a billing module 116 and a 
subscription module 118. Computing center 104 also com 
prises resources 120 such as processor resource(s) 122 (e.g., 
one or more central processing units (CPUs), one or more 

servers, etc.), disk storage 124, application(s) 126, softWare 
tool(s) 128, and internal netWork resource(s) 130. 

[0029] Internal netWork resource(s) 130 may, by Way of 
example only, comprise communication links betWeen the 
various components and With the external clients, and may 
also comprise the actual bandWidth of the internal netWork 
that connects the various resources of the computing center. 
Further, by Way of example only, applications 126 may 
comprise database programs, o?ice or management soft 
Ware, scienti?c applications, etc.; While softWare tools 128 
may comprise softWare that enables other applications and 
services on the system, middleWare, etc. 

[0030] Allocation and scheduling module 110 generally 
serves to assign proportions of processing and memory 
resources to each service class. It is to be understood that a 
computing center may typically recogniZe one or more 
service classes (i.e., respective grouping of clients based on 
a particular service requested and/or a priority requested). 
Allocation and scheduling module 110 may also set a 
queuing discipline to state hoW to handle the transactions in 
each service class (for example, ?rst-in-?rst out, etc.). 

[0031] It is to be understood that monitoring in conven 
tional computing centers is performed on the service class 
basis (or even on the entire-system level) to determine 
performance (e.g., response time). That is, in conventional 
computing center environments, there is no tracking (moni 
toring) on the transaction-level Which Would be needed to do 
billing at that level. So, conventional monitoring tracks 
system or service-class performance. It Will be seen that the 
present invention provides techniques for tracking or moni 
toring on the transaction-level. 
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[0032] Billing module 116 generally handles generation 
and processing of bills associated With services provided by 
the computing center to the clients. Subscription module 118 
generally handles issues relating to a user’s subscribing to 
the services of the computing center. 

[0033] In general, clients 102-1, 102-2, . . . , 102-N send 

their jobs (more generally, requests) to computing center 104 
through external netWork 106 and jobs are queued and 
processed through computing center 104. Results generated 
by computing center 104 may be received by clients during 
the process or only at the end of the process. While the 
invention is not limited to any particular form of a comput 
ing center, computing center 104 may represent a Web server 
farm, a scienti?c computing center, and/or an on-demand 
facility for general computing use. 

[0034] As mentioned above, the present invention pro 
vides techniques that alloW a yield management system to 
link to an existing resource management system associated 
With a computing center such as a computing center Which 
provides on-demand utility services. The system compo 
nents may include the subscription and billing services that 
interact With customers, the resource allocation and sched 
uling components that link customer requests to the com 
puting center hardWare, software, and netWork infrastruc 
ture, and the monitoring tools that evaluate the throughput 
and response times of each job, and keep track of those 
parameters and possibly others With respect to service-level 
promises. 

[0035] In order to implement a yield management reser 
vation system for utility computing centers, a yield man 
agement reservation system needs to be integrated With 
existing management systems. In accordance With the 
present invention, this may be accomplished using addi 
tional yield-management-based modules such as a yield 
management scheduler and arbitrator, or broker, that offers 
to a traditional scheduler the local decisions that if applied 
Would optimiZe the yield management objective. 

[0036] That is, the yield-management scheduler deter 
mines in What order to process jobs that best satisfy the 
promises made by the yield management reservation system, 
from the point of vieW of current and predicted future 
demands, and therefore current and possible future pro?ts/ 
bene?t. Similarly, a yield management monitoring tool may 
be used to compile and report the statistics needed by yield 
management prediction and assignment functions. Other 
components may include tools for integrating marketing 
strategies into the reservation system, demand and resource 
level prediction functions, and modules for billing, subscrip 
tion, and contract (e.g., service level agreement or SLA) 
de?nition. 

[0037] An embodiment of a yield management-based 
computing center, according to an illustrative embodiment 
of the present invention, Will noW be described. 

[0038] Referring noW to FIG. 2, a block diagram illus 
trates an implementation of a yield management system 
Within a typical computing center architecture (e.g., the 
computing system architecture of FIG. 1). 

[0039] It is to be appreciated that the functional compo 
nents that are added to the existing computing center archi 
tecture are illustratively depicted in FIG. 1 as hatched line 

Jun. 1, 2006 

boxes. HoWever, it is to be understood that the invention is 
not limited to any particular implementation. 

[0040] As shoWn, a computing center environment 200 
comprises a yield management node 202. Yield management 
node 202 itself comprises a yield management reservation 
system (YMR) 206, marketing strategies templates 208, a 
yield management scheduler and arbitrator (YMS) 210, a 
yield management monitoring statistics generator 212, a 
subscription module 214, a billing module 215, an SLA 
dictionary 216, a provisioner 218, an event console 220, and 
SLA advisors 222-1 through 222-N (shoWn functionally 
connected to YMS 210 via dotted lines). 

[0041] Further, computing center environment 200 com 
prises customer management nodes 204-1 through 204-N. It 
is to be appreciated that each customer management node 
204 functionally corresponds to a client (e.g., 102-1 through 
102-N of FIG. 1). That is, each management node represents 
clusters of servers managed by a scheduler and load bal 
ancer. Thus, each management node functionally represents 
the computing center resources (e.g., shoWn as compute 
nodes or CNs) that are being used to service the request of 
the given client, and the computing center resource man 
agement functions that are being used to manage the 
resources. For example, a management node may be shoWn 
to include a cluster systems management module (CSM), 
and depending on the management function being per 
formed at the time, a platform load scheduling system 
(LSF), a load leveler (LL), or a portable batch system (PBS). 
As is knoWn, CSM is a technology Which performs remote 
monitoring, control and events on a managed distributed 
cluster. PBS, LSF, and LL are batch scheduling systems for 
parallel and serial jobs. 

[0042] The functions “Node list,”“Add node,” and “Del 
[ete] node,” shoWn in each customer management node are 
typical operations of existing schedulers/load balancers. The 
SLA Advisor 222 translates information on priorities and 
desired actions from the yield management system to those 
loWer-level operations understood by the schedulers/load 
balancers. 

[0043] The different clusters may be physical clusters or 
virtual clusters running different applications/jobs for dif 
ferent customers. Each customer or application is therefore 
associated With a service level agreement that stipulates the 
qualities desired of the resource and the prices and penalties 
to be paid/received, respectively, by the customer, depend 
ing upon the quality provided by the computing center. 

[0044] Existing systems (e.g., computing centers Without 
the hatched line boxes) operate as folloWs. The scheduling 
and resource allocation discliplines folloW a pre-determined 
priority, independent of the external demand (present or 
predicted), and independent of the different resource avail 
ability levels. For example, in such existing systems, tasks 
are ordered as ?rst-come, ?rst-served. 

[0045] Advantageously, the various yield management 
modules of the invention permit collecting, analyZing, and 
utiliZing both external, customer demand data and resource 
availability information to adjust, dynamically, the priorities 
assigned to different jobs or customers on the system. 

[0046] In particular, yield management monitoring statis 
tics generator 212 gathers data on the current state of the 
system to provide current and predicted levels of these 
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parameters. Resource levels are updated automatically by 
determining the available capacities as a function of the jobs 
currently on the system. In addition, the monitoring tool 
determines the values of the actual service quality (e.g., 
delays, throughput achieved, etc.) that the jobs in the system 
receive. 

[0047] Yield management marketing strategies templates 
208 provide input to yield management reservation system 
206 as to When to introduce changes into the pricing or 
o?ferings. A second function of the templates module is the 
collection of external demand (usage) data. Demand data 
can be updated by re-calibrating a demand model based on 
the latest historical information, as Well as neW data that is 
provided to the system. FIG. 5 illustrates marketing strategy 
templates that implement various price change policies A 
(502), B (504), and C (506). 

[0048] As an example, consider that a competitor proposes 
a promotional, loW price for a particular o?fering type. When 
this information is provided to the marketing strategies 
module, an event is triggered. That module then tells the 
reservation system to recalculate the o?ferings available at 
each price point, adding the competitor’s loWer price point 
into the palette of possible prices. In accordance With the 
yield management theory and frameWork, an optimal, and 
limited, number of slots Would be opened at this loWer price 
point. 

[0049] Similarly, consider an example in Which the 
resource level during the Weekend is deemed loW, from 
statistics collected by the yield management statistics gen 
erator 212. This may trigger a di?ferent event from the 
marketing strategies template 208, in Which loWer price 
points are introduces for Weekend days, and once again, 
yield management reservation system 206 is re-executed to 
determine the neW set of offerings and prices. 

[0050] One illustrative embodiment of a theory and 
approach that yield management reservation system 206 
may implement includes the techniques disclosed in the US. 
Patent application identi?ed as Ser. No. 10/718,210 ?led on 
Nov. 20, 2003 and entitled “Methods and Apparatus for 
Managing Computing Resources Based on Yield Manage 
ment Framework,” the disclosure of Which is incorporated 
by reference herein. Such a reservation system can be shoWn 
to increase revenue as the number of optimal price points are 
increased. It does so by opening only a limited number of 
slots at each price point, Where that number is computed 
optimally by a mathematical program. A more detailed 
explanation of the yield management theory and approach 
associated With the above-referenced Ser. No. 10/718,210 is 
provided beloW (in a section entitled “Illustrative Yield 
Management Theory and Approach”). It is to be understood, 
hoWever, that the invention is not limited to this theory and 
approach and thus other yield management reservation tech 
niques may be employed in accordance With the present 
invention. 

[0051] Yield management scheduler and arbitrator 210 
translates, into a set of ?xed priorities for each time period, 
the resource level that should be allocated to each job, in 
accordance With the service class and price points/o?‘ering 
type at Which that job subscribed to the system. This module 
Works With an SLA advisor 222 to make use of the particular 
protocols that the scheduler and load balances require. 
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[0052] SLA dictionary 216 is a hashmap of SLA terms and 
customers, as Well as the SLA objectives and their technical 
speci?cations. 

[0053] Provisioner 218 executes Work?oWs to build sys 
tems, Which may include a linux box, cluster of linux boxes, 
or a tiered netWork, and Where the term “build” refers to 
initializing all features necessary to begin operation on the 
system. 

[0054] Event console 220 is a remote client on Which 
system events can be published, Where system events 
include any information on hardWare, softWare, netWork or 
1/0 that is to be monitored (e.g., outages, starts and stops, 
utilization levels.). 

[0055] Turning noW to FIG. 3, a step-by-step example of 
the use of a yield management system is noW provided, 
Within a con?guration such as that shoWn in FIG. 2. 

[0056] The ?rst step, denoted as (1), Which my be an 
initialization of the system, or the ?rst step at standard 
check-points, is to collect data on user demand, and to 
determine Which marketing strategy should be in place. This 
?xes the range of possible price points to use on the 
optimization program. Then, step (2) involves collecting 
usage data on the resource, and the available level of 
capacity on the system, current and predicted. This also is an 
input into the optimization program. 

[0057] Step (3) involves running the yield management 
optimization program on the collected and predicted data, 
described above. The output of this program is the optimal 
number of slots of each available type to offer to customers/ 
jobs at each price point. At this point, the system is ready to 
receive customer subscriptions. Once there are subscriptions 
to these o?ferings, step (4) involves the yield management 
scheduling and arbitration tool informing the primary sched 
uler as to the priorities to assign to each of the jobs (existing 
and neW) in the system. This data can be sent to the SLA 
advisor, if there is one, or directly to a central scheduler and 
load balancer. 

[0058] As shoWn in FIG. 3, the exemplary customer 
management node 204 may include a Load Leveler 
Resource Manager (LL RM), an ALARM Resource Man 
ager (ALARM RM), and a Central Scheduler. The LL RM 
is an agent process responsible for monitoring LL perfor 
mance data as Well as con?guring LL resource pools as 
instructed by a human or other agents in the system, e.g., 
ALARM RM. ALARM RM is an agent process responsible 
for monitoring and setting events for resources based upon 
an SLA. The Central Scheduler is a component Within the 
LL system responsible for optimally placing batch jobs on a 
remote system. The Central Scheduler is con?gured to 
understand the available resources in a cluster. An SLA 
advisor can recon?gure available rescues based upon SLA 
events and predictions. 

[0059] The last step, denoted as (5), illustrates hoW the 
yield management monitoring tool keeps track of the param 
eters that are part of each job’s o?fering, so as to re-optimize 
priorities at the next time step, for both the current jobs noW 
in the system and neW jobs that Will join. 

[0060] Referring lastly to FIG. 4, a block diagram illus 
trates a generalized hardWare architecture of at least a 
portion of a computer system suitable for implementing a 
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yield management-based computing center according to an 
embodiment of the present invention. More particularly, 
FIG. 4 depicts an illustrative hardware implementation of at 
least a portion of a computer system in accordance With 
Which one or more components/ steps of a yield management 
node and customer management nodes (e.g., components/ 
steps described in the context of FIGS. 1 through 3) may be 
implemented, according to an embodiment of the present 
invention. The illustrative architecture of FIG. 4 may also be 
used in implementing any and all of the resource compo 
nents of computing center 104 (e.g., servers, etc.) and any 
and all of the computing systems associated With clients 102 
(FIG. 1). 
[0061] Further, it is to be understood that the individual 
components/steps may be implemented on one such com 
puter system, or more preferably, on more than one such 
computer system. In the case of an implementation on a 
distributed system, the individual computer systems and/or 
devices may be connected via a suitable netWork, e.g., the 
Internet or World Wide Web. HoWever, the system may be 
realized via private or local netWorks. The invention is not 
limited to any particular netWork. 

[0062] As shoWn, the computer system 400 may be imple 
mented in accordance With a processor 402, a memory 404, 
I/0 devices 406, and a netWork interface 408, coupled via a 
computer bus 410 or alternate connection arrangement. 

[0063] It is to be appreciated that the term “processor” as 
used herein is intended to include any processing device, 
such as, for example, one that includes a CPU (central 
processing unit) and/or other processing circuitry. It is also 
to be understood that the term “processor” may refer to more 
than one processing device and that various elements asso 
ciated With a processing device may be shared by other 
processing devices. 

[0064] The term “memory” as used herein is intended to 
include memory associated With a processor or CPU, such 
as, for example, RAM, ROM, a ?xed memory device (e.g., 
hard drive), a removable memory device (e.g., diskette), 
?ash memory, etc. 

[0065] In addition, the phrase “input/output devices” or 
“I/O devices” as used herein is intended to include, for 
example, one or more input devices (e.g., keyboard, mouse, 
etc.) for entering data to the processing unit, and/or one or 
more output devices (e. g., speaker, display, etc.) for present 
ing results associated With the processing unit. 

[0066] Still further, the phrase “netWork interface” as used 
herein is intended to include, for example, one or more 
transceivers to permit the computer system to communicate 
With another computer system via an appropriate commu 
nications protocol. 

[0067] Accordingly, softWare components including 
instructions or code for performing the methodologies 
described herein may be stored in one or more of the 
associated memory devices (e.g., ROM, ?xed or removable 
memory) and, When ready to be utilized, loaded in part or in 
Whole (e.g., into RAM) and executed by a CPU. 

[0068] Advantageously, as illustratively explained herein, 
the present invention provides apparatus and methodologies 
for implementation and use of yield management in on 
demand utility services. The yield management system 
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makes use of a ?ne segmentation of customer demand, and 
de?nes optimal quantities to offer at multiple price levels, so 
as to maximize pro?ts or revenues. An illustrative imple 
mentation may comprise: (i) a yield management reservation 
system (YMR), Which includes a demand forecasting mod 
ule and determines the number of slots to propose at each 
price/service-level combination, based on a maximization of 
expected pro?ts; (ii) a yield management scheduler and 
arbitrator (YMS), Which ties into the SLA Advisor or 
directly to an existing (e.g., non-priority-based) scheduler 
and satis?es the promises of the YMR offerings or, in the 
presence of con?ict, arbitrates With a vieW toWard greatest 
pro?t maximization; (iii) an SLAAdvisor, Which, if needed, 
adds customer-speci?c service-requirements to the schedul 
ing of a customer’s Workload on a virtual cluster allocated 
to that customer, and sends these requirements to an existing 
(e.g., non-priority-based) scheduler; (iv) a yield manage 
ment monitoring system and statistics generator, Which 
keeps track of service-level agreements and the degree of 
satisfaction of each, and compiles aggregate statistics 
needed by the YMR and billing services; and (v) a yield 
management marketing strategies template module, Which 
proposes a palette of yield management-based marketing 
strategies and alloWs them to be incorporated optimally into 
the YMR, and Which alloWs user-generated strategies to be 
de?ned as Well. 

[0069] These components may be integrated internally, 
and ideally linked to demand and resource-level prediction 
modules, as Well as marketing input to de?ne offerings of 
interest, and subscription, billing, and contract de?nition 
modules. 

[0070] Thus, the invention provides for the integration of 
a yield management reservation system, or optimization 
program, Within an IT utility. The different components 
needed for the operation of the system are described, as they 
?t into existing componentry in present-day IT clusters. The 
heart of the yield management system is an optimization 
frameWork that combines user data With resource informa 
tion and determines highly segmented, optimal olferings/ 
price points to provide to potential subscribers that maxi 
mize IT provider revenue, and alloWs the provider to 
respond optimally to competitors’ offerings or accomplish 
other management objectives such as smoothing usage to 
less-used periods. 
[0071] For instance, a yield management reservation sub 
system of the invention may be operative to suggest varying 
the quantities to be made available at each price and service 
level over a given period of time so as to effect usage 
patterns. Thus, it Would be possible to smooth usage patterns 
for the on-demand utility service by inducing users to shift 
to under-utilized periods of time during the given period. 
[0072] To integrate the optimization program into an exist 
ing IT system, it is necessary to link it to the subscription 
engine as Well as to the functional modules of the IT system. 
Such linking components are described herein, as are the 
Ways in Which the overall yield management system can be 
used to increase provider revenue and accomplish manage 
ment goals. 

[0073] It is to be further appreciated that the present 
invention also comprises techniques for providing comput 
ing resource management services. 

[0074] By Way of example, a service provider agrees (e. g., 
via a service level agreement or some informal agreement or 
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arrangement) With a service customer or client to provide 
computing resource management services. That is, by Way 
of one example only, the service provider may host the 
customer’s Web site and associated applications (e.g., 
e-commerce applications). Then, in accordance With terms 
of the contract betWeen the service provider and the service 
customer, the service provider provides yield management 
services Which may comprise one or more of the method 
ologies of the invention described herein. By Way of 
example, this may also include automatically controlling 
one ore more resources so as to optimiZe performance of 

such resources to the bene?t of the service customer. 

Illustrative Yield Management Theory and Approach 

[0075] The folloWing is a description of an illustrative 
yield management theory and approach that the present 
invention may implement. Such a yield management theory 
and approach is further described in the above-referenced 
Ser. No. 10/718,210 patent application. HoWever, it is to be 
appreciated that the invention is not limited to this particular 
implementation. 

[0076] A. Determining a Segmentation/Description of the 
Demand Based on Demand-Side Data: 

[0077] This step involves obtaining a representation of the 
demand for the use of the computing center. The demand can 
be de?ned in a number of Ways, such as an explicit analytical 
function of demand for the “product” (price-service-level) as 
a function of both the price and service-level. The forms of 
such functions are Well understood in the general marketing 
and economics literature, and should have basic properties 
such as demand decreasing in price at a given service quality 
level, and demand increasing With increasing service quality. 
The precise shape of these curves can be estimated from 
historical data (calibrated) and demand predictions can then 
be made by forecasting increases or decreases in the data 
that served to calibrate the curve, and recalibrating. 

[0078] A different method for describing demand for the 
computing center is knoWn as discrete choice modeling, and 
involves using so-called preference functions that give the 
percentage of the total user population that is likely to 
choose among the (discrete set of) possibilities. In this case, 
the set of possibilities are the price-service-level offerings 
(that have been referred to herein as “products”). The 
percentage of the demand for each choice is given by a 
stochastic model that incorporates “perception error” into 
the choices. The principal models in use today are based 
upon either the Weibull distribution, giving rise to the “logit 
discrete choice model,” or the Gaussian distribution of 
perception error, giving rise to the “probit discrete choice 
model,” see, e.g., M. Ben-Akiva et al., “Discrete Choice 
Analysis: Theory and Application to Travel Demand,” MIT 
Press, 1985. 

[0079] Like the demand curve described above, these 
discrete choice models can be calibrated in a straightforward 
manner based upon historical data about the choices made in 
the past and the parameters of the offerings of those choices 
(e.g., their prices, qualities, market conditions, etc.). Simi 
larly, forecasts can be made by projecting neW values for the 
input data and re-deriving a forecasted logit model. 
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[0080] B. Aggregating the Current and Predicted Usage 
Levels of the Resources: 

[0081] The current and future (predicted) resource levels 
should be quanti?ed for the methodology to provide a set of 
optimal future actions and offering characteristics. In the 
simplest setting, this may be the capacity level of each piece 
of equipment. For example, the load level on machines (e. g., 
processing resources) 1-5 of type X may be 70%, the load 
level of machine 6 of type Y may be 85%, the bandWidth 
used betWeen equipment Y and Z may be 50%, etc. 

[0082] In addition to instantaneous usage levels, the usage 
levels for the rest of the planning period should also be 
knoWn. This includes the fact that the jobs Which are 
currently using, for example, machines 1-5 Will ?nish if left 
uninterrupted in T1 hours, While that on machine 6 if 
uninterrupted Will ?nish in T2 hours, etc. It also includes 
reservations made for future time periods. Finally, it can 
include forecasts of future loads. 

[0083] This data is aggregated into the form of capacity 
levels per equipment type per time period, Where time is 
divided into periods according to the minimum and maxi 
mum durations of jobs into the system. 

[0084] C. Setting Levels of Prices and Services to Poten 
tially be Offered to Clients Based on the Current and 
Predicted Demand and Resource Data, as Well as a Maxi 

mum Number of Different “Products” (Price-Service-Level 
Combinations) to Offer: 

[0085] The third initialiZation step is to set the reasonable 
range of price levels for the service offerings, Which are 
de?ned by the types of equipment available, for example, 
their processing speeds, etc. In addition, a maximum number 
of price classes for each service quality type can be deter 
mined in advance. 

[0086] In addition to the number of price-service quality 
types to offer, the range of reasonable prices should be input. 
For example, for a unit time slice on a computing center 
facility, the minimum price may be $1 (per minute, hour, 
etc.). This type of data should be input into the model at the 
outset. 

[0087] Finally, if there is a maximum price obtained by 
examining competitors or by making a reasonable guess, 
then this too can be input at this initialization phase. 

[0088] D. Evaluating the Total Revenue for Each Combi 
nation Offered of Those Price and Service-Levels Available 
to Clients: 

[0089] With the data from steps A, B and C input into the 
model, it is possible to evaluate, through an optimiZation 
program, the total revenue (or other measure) associated 
With each con?guration of the parameter, namely the prices, 
quantities to offer at each price and similarly for each 
service-level, for each point in time during the planning 
period. 

[0090] Based on evaluations of the revenue objective at 
each con?guration, by running an optimiZation program to 
convergence, an optimal solution and set of parameters may 
be obtained. 
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[0091] E. Determining the Optimal Con?guration in 
Terms of Prices, Service-Levels, and Quantities to be 
Offered to Clients that Maximizes the Expected Revenue of 
the System: 

[0092] The optimal solution can be obtained by using a 
nonlinear programming solver on the resulting mathematical 
model, one exemplary implementation of Which is provided 
beloW. Many such solvers are commercially available; oth 
ers are distributed freely available. Applicable algorithms 
for constrained nonlinear programming may be found in 
numerous textbooks, for example, in D. P. Ber‘tsekas, “Non 
linear Programming,” 2nd ed. Cambridge, Mass.: Athena 
Scienti?c, 1999. 

[0093] Further, the solver may preferably be part of the 
computer system implementing the yield management tech 
niques. Alternatively, the computer system implementing 
the yield management techniques may call a solver located 
on a host machine or remotely from the computer system. 

[0094] In simple versions, a linear programming solver 
may be used. One of the most Widely used linear program 
ming algorithms is the simplex method. A description may 
be found in numerous textbooks, for example, in S. G. Nash 
et al., “Linear and Nonlinear Programming,” McGraW-Hill, 
1996. For example, such a solver may be employed if the 
random quantities are expressed in terms of their expected 
(mean) values, and functional relationships for job sojourn 
time are externally given. In more complex cases, hoWever, 
a nonlinear programming solver algorithm may be 
employed. 

[0095] The output of the mathematical model Would then 
be the set of prices to offer, and quantities available at each 
price for each service-quality type. For example, the output 
may be the number of CPU (central processing unit) units to 
offer on the machine of speed S1 at price P1, to offer at time 
T1, T2, etc., and the same for the other optimal price levels 
at each machine speed. 

[0096] Given the above detailed description of a yield 
management methodology, We noW turn to a description of 
techniques for using the methodology to perform additional 
objectives such as increasing market share (e.g., through 
promotions, Whose reduced prices and quantities can be 
determined optimally), responding to a competitor (e.g., by 
offering a highly limited number of loW-cost or better 
quality-of-service offerings), or smoothing demand (e.g., by 
inducing higher usage at loW-use times of day/Week). 

[0097] Using the management frameWork described 
above, it is straightforWard to implement specialiZed objec 
tives, Which are valid at different times, based on market or 
resource conditions. These alternate objectives require no 
neW tool or methodological development but only require 
re-running the mathematical model With specialiZed data 
inputs in each case. BeloW We discuss the three specialiZed 
objectives described above: 

[0098] 1. Increasing Market Share (e.g., Through Promo 
tions, Whose Reduced Prices and Quantities can be Deter 
mined Optimally): 

[0099] At times When it is desirable to offer special 
promotions to increase market share, it is possible to do so 
in an optimal manner using a yield management system of 
the invention. In particular, consider the folloWing example: 
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[0100] NeW demand data can be obtained through mar 
keting studies or intervieWs that a neW set of users may be 
interested in using the computing center. In order to attract 
neW clientele, one could announce special loW cost promo 
tions for a restricted time. Adding the neW demand infor 
mation (if available) to the model, and reducing substan 
tially the minimum price (see subsection C above), and then 
rerunning the mathematical model, the output Will contain a 
neW set of optimal prices and quantities of each for each type 
of service-level. These Will still be calculated to optimiZe the 
revenue based on the neW promotion and loWer introductory 
costs. 

[0101] 2. Responding to a Competitor (e.g., by Offering a 
Highly Limited Number of LoW-Cost or Better Quality-of 
Service Offerings): 

[0102] Similarly to 1, above, if a competitor offers a 
promotion or neW pricing structure, it is possible to respond 
quickly and optimally by loWering the minimum price level 
to the competitor’s and recalculating the optimal offering 
structure (quantities to offer at each price and service-level). 
If neW demand data can be obtained folloWing the competi 
tor’s price change, then this should be added to the model as 
Well. 

[0103] 3. Smoothing Demand (e.g., by Inducing Higher 
Usage at LoW-Use Times of Day/Week): 

[0104] A different objective is to smooth the demand level 
over time, or equivalently, smooth the usage level to reduce 
peak-time bursts. By offering promotions (described above) 
and price incentives, valid for loW-use time of day or of the 
Week, the usage patterns can be effectively smoothed across 
time. In order to determine the best Way to achieve the goal 
of smoothing With the yield management tool of the inven 
tion, different scenarios can be tested and compared as this 
objective of smoothing usage patterns. 

[0105] For example, consider that one Wishes to de?ne a 
neW price-service offering policy Which Will shift some 
usage from Fridays to Weekends and possibly add neW 
customers for Weekends, to make better use of idle capacity. 
By testing different minimum prices for Weekend periods 
(all being loWer than the present level), and higher minimum 
levels on Fridays, and by observing the predicted response 
(optimal quantities available at each price level at each time 
period), and the resulting revenue, one can make an 
informed decision about hoW to set promotional Weekend 
prices to achieve the objective of smoothing demand by 
bringing more usage on the Weekends. Similarly, one can 
offer, for the same price, higher quality levels (e.g., faster 
processing speeds) to achieve the same objective as With 
limited quantity loW-price promotions for Weekends and 
higher prices on Fridays. 

[0106] Next, We present an exemplary implementation of 
the techniques described through a particular set of math 
ematical equations for an example application, and infor 
mation on the algorithmic method for solving them. The 
model takes the form of a nonlinear optimization problem, 
With the folloWing notation being used in this implementa 
tion. Consider: 

[0107] A set of heterogeneous computing resources, 
such as used in server farms, distributed computing, 
grids, application utilities, etc. 
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[0108] A pool of nodes, or computing resources to 
allocate (N q) and storage (S). 

[0109] De?ne a node class as q, Which is characterized 
by processing speed, for servers, bandwidth, for net 
Works, and other relevant parameters, for q=1 . . . Q. 

[0110] De?ne Workload types, (WC), and probabilities 
of arrival of eachjob type, (126), for c=1 . . . C. 

[0111] De?ne a goal: Expected value of the optimal 
allocation of Nq and S at each decision epoch to 
maximize revenue by using highly segmented pricing 
and offering structures. 

[0112] In particular, determine the optimal number of 
“slots” (nikq, Si) to offer for each service type, q, at each 
price (rikq are the price levels for each of the “slots,” 
and pik, the price levels for storage) at each time period, 
i, so as to optimiZe the goal. 

[0113] Obtain relevant data: 

[0114] An estimation of the sojourn time of a unit job 
according to node type (T(q)). 

[0115] A model of user preferences using demand 
curves or discrete choice models, e.g., logit choice 
probability functions, referred to as (Pk). 

[0116] Set maximum number of price classes per 
service type, K. 

[0117] Set planning period (number of individual 
time periods), I. 

[0118] Solve: 

PAW“ SOB] 

[0119] To solve the above mathematical model, nonlinear 
programming solving routines may be used. In simple cases, 
in Which preference functions, P, and sojourn times, T, are 
replaced by constants, linear programming solving routines 
may be used. 

[0120] Although illustrative embodiments of the present 
invention have been described herein With reference to the 
accompanying draWings, it is to be understood that the 
invention is not limited to those precise embodiments, and 
that various other changes and modi?cations may be made 
by one skilled in the art Without departing from the scope or 
spirit of the invention. 
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What is claimed is: 
1. A system for managing one or more computing 

resources associated With a computing center, comprising: 

a resource management subsystem for managing the one 
or more computing resources associated With the com 
puting center, Wherein the computing center is able to 
provide one or more computing services in response to 
one or more customer demands; and 

a yield management subsystem coupled to the resource 
management subsystem, Wherein the yield manage 
ment subsystem optimiZes provision of the one or more 
computing services in accordance With the resource 
management sub system and the one or more computing 
resources, the yield management subsystem compris 
ing: 

a yield management reservation subsystem Which deter 
mines one or more optimiZed price/service-level com 
binations associated With provision of the one or more 

computing services; 
a yield management scheduler Which determines one or 
more schedules for providing the one or more comput 
ing services in accordance With the one or more opti 
miZed price/service-level combinations; 

a yield management monitor Which tracks one or more 
service level agreements and a degree of satisfaction 
thereof, and Which compiles aggregate statistics for use 
by the a yield management reservation subsystem; and 

one or more yield management marketing strategy tem 
plates Which provide one or more yield management 
based marketing strategies for use by the a yield 
management reservation subsystem. 

2. The system of claim 1, Wherein the yield management 
subsystem further comprises a service level agreement advi 
sor Which adds one or more customer-speci?c service 
requirements to the scheduling of a Workload of a customer 
on a virtual cluster allocated to that customer. 

3. The system of claim 1, Wherein the one or more 
computing services comprise one or more on-demand utility 
services. 

4. The system of claim 1, Wherein the yield management 
reservation subsystem is further operative to offer more than 
one price for the same service level, Where prices are offered 
in limited quantities, and the quantities are optimiZed 
depending on resource levels and demand models. 

5. The system of claim 1, Wherein the yield management 
reservation subsystem is further operative to suggest varying 
the quantities to be made available at each price and service 
level over a given period of time so as to effect usage 
patterns. 

6. The system of claim 1, Wherein the resource manage 
ment system comprises one or more of a subscription 
module, a billing module, a service level agreement de?ni 
tion module, and a provisioning module. 

7. A method of managing one or more computing 
resources associated With a computing center, the computing 
center including a resource management subsystem for use 
in managing the one or more computing resources associ 
ated With the computing center, Wherein the computing 
center is able to provide one or more computing services in 
response to one or more customer demands, the method 
comprising the steps of: 
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determining one or more optimized price/service-level 
combinations associated With one or more computing 
services provided in accordance With the resource 
management sub system and the one or more computing 

resources; 

determining one or more schedules for providing the one 
or more computing services in accordance With the one 
or more optimiZed price/service-level combinations; 

tracking one or more service level agreements and a 
degree of satisfaction thereof While compiling aggre 
gate statistics for use in determining the one or more 
optimiZed price/service-level combinations; and 

providing one or more yield management-based market 
ing strategies for use in determining the one or more 
optimiZed price/service-level combinations. 

8. The method of claim 7, further comprising the step of 
adding one or more customer-speci?c service requirements 
to the scheduling of a Workload of a customer on a virtual 
cluster allocated to that customer. 

9. The method of claim 7, Wherein the step of determining 
one or more optimiZed price/service-level combinations 
associated With one or more computing services further 
comprises the one or more computing services being one or 
more on-demand utility services. 

10. The method of claim 7, Wherein the step of determin 
ing one or more optimiZed price/service-level combinations 
associated With one or more computing services further 
comprises offering more than one price for the same service 
level, Wherein prices are offered in limited quantities, and 
the quantities are optimiZed depending on one or more 
resource levels and one or more demand models. 

11. The method of claim 7, Wherein the step of determin 
ing one or more optimiZed price/service-level combinations 
associated With one or more computing services further 
comprises suggesting varying the quantities to be made 
available at each price and service level over a given period 
of time so as to effect one or more usage patterns. 

12. Apparatus for managing one or more computing 
resources associated With a computing center, the computing 
center including a resource management subsystem for use 
in managing the one or more computing resources associ 
ated With the computing center, Wherein the computing 
center is able to provide one or more computing services in 
response to one or more customer demands, the apparatus 
comprising: 

a memory; and 

at least one processor coupled to the memory and opera 
tive to: (i) determine one or more optimiZed price/ 
service-level combinations associated With one or more 

computing services provided in accordance With the 
resource management subsystem and the one or more 
computing resources; (ii) determine one or more sched 
ules for providing the one or more computing services 
in accordance With the one or more optimiZed price/ 
service-level combinations; (iii) track one or more 
service level agreements and a degree of satisfaction 
thereof While compiling aggregate statistics for use in 
determining the one or more optimiZed price/service 
level combinations; and (iv) provide one or more yield 
management-based marketing strategies for use in 
determining the one or more optimiZed price/service 
level combinations. 
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13. The apparatus of claim 12, Wherein the at least one 
processor is further operative to add one or more customer 
speci?c service requirements to the scheduling of a Work 
load of a customer on a virtual cluster allocated to that 
customer. 

14. The apparatus of claim 12, Wherein the one or more 
computing services comprise one or more on-demand utility 
services. 

15. The apparatus of claim 12, Wherein the at least one 
processor is further operative to offer more than one price for 
the same service level, Wherein prices are offered in limited 
quantities, and the quantities are optimiZed depending on 
one or more resource levels and one or more demand 

models. 
16. The apparatus of claim 12, Wherein the at least one 

processor is further operative to suggest varying the quan 
tities to be made available at each price and service level 
over a given period of time so as to effect one or more usage 

patterns. 
17. A computing center, comprising: 

a resource management subsystem for use in managing 
one or more computing resources associated With the 

computing center, Wherein the computing center is able 
to provide one or more computing services in response 
to one or more customer demands; and 

a yield management subsystem coupled to the resource 
management subsystem, Wherein the yield manage 
ment subsystem optimizes provision of the one or more 
computing services in accordance With the resource 
management sub system and the one or more computing 
resources, the yield management subsystem compris 
ing: 

a yield management reservation subsystem Which deter 
mines one or more optimiZed price/service-level com 
binations associated With provision of the one or more 

computing services; 

a yield management scheduler Which determines one or 
more schedules for providing the one or more comput 
ing services in accordance With the one or more opti 
miZed price/service-level combinations; 

a yield management monitor Which tracks one or more 
service level agreements and a degree of satisfaction 
thereof, and Which compiles aggregate statistics for use 
by the a yield management reservation subsystem; and 

one or more yield management marketing strategy tem 
plates Which provide one or more yield management 
based marketing strategies for use by the a yield 
management reservation subsystem. 

18. An article of manufacture for managing one or more 
computing resources associated With a computing center, the 
computing center including a resource management sub 
system for use in managing the one or more computing 
resources associated With the computing center, Wherein the 
computing center is able to provide one or more computing 
services in response to one or more customer demands, the 
article of manufacture comprising a machine readable 
medium containing one or more programs Which When 
executed implement the steps of: 

determining one or more optimiZed price/service-level 
combinations associated With one or more computing 
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services provided in accordance With the resource 
management sub system and the one or more computing 

resources; 

determining one or more schedules for providing the one 
or more computing services in accordance With the one 
or more optimiZed price/service-level combinations; 

tracking one or more service level agreements and a 
degree of satisfaction thereof While compiling aggre 
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gate statistics for use in determining the one or more 

optimiZed price/service-level combinations; and 

providing one or more yield management-based market 
ing strategies for use in determining the one or more 
optimiZed price/service-level combinations. 


