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(57) Abstract: An improved system and method for scheduling online keyword auctions
subject to budget constraints is provided. A linear programming model of slates of adver-
tisements may be created for predicting the volume and order in which queries may appear
throughout the day for use in allocating bidders to auctions to optimize revenue of an auc-
tioneer. Each slate of advertisements may represent a candidate set of advertisements in
order of optimal revenue to an auctioneer. Linear programming using column generation

with the keyword as a constraint and a bidder’ s budget as a constraint may be applied to
l generate a column that may be added to a linear programming model of slates of advertise-
ments to determine optimal revenue to an auctioneer. Upon receiving a query request, a
slate of advertisements that may provide optimal revenue to the auctioneer may be output
for sending to a web browser for display.
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SYSTEM AND METHOD FOR SCHEDULING ONLINE KEYWORD
AUCTIONS SUBJECT TO BUDGET CONSTRAINTS
CROSS-REFERENCE TO RELATED APPLICATIONS
The present invention is related.to the following
United States patent application, filed concurrently
herewith and incorporated herein in its entirety:
“System and Method for Optimizing Throttle Ratgs Oof
Bidders In Online Keyword Auctions Subiect To Budget

Constraints,” Attorney Docket No. 1270. -

FIELD OF THE INVENTION

The invention relates generally to computer systems,
and more particularly to an improved system and method for
scheduling online keyword auctions subject to budget

constraints.

BACKGROUND OF THE INVENTION

- Most theoretical analysié of online keyword auction
mechanismg has neglected the practical aspéct of limited
budgets for the buyers. Severa{ publications describe on-
line algorithms for conducting sponsored search auctions,

sometimes with budget constraints. However, these

"approaches apply approximation algorithms that unfortunately

are unable to predict or use forecast guery data. As a

result, various implementations of online keyword auctions
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may only ensure that daily budget limits for buyers are not
exceeded at the expense of negatively impacting the
auctioneer’s objective.

For instance, an implementation may'use a throttling
rate for budgeting. In this case, a buyer may only be
permitted to participate in a percentage of auctions in
which the buyer may actually wish to bid so that the buyer’s
daily spend may not exceed the buyer's_daily budget. If the
buyer’s daily spend may in féct exceed the daily budget,
then the buyer may become completely throttled and no longer
participate in bidding for auctions that day. This may
result in removing more and more buyers from auctions as the
day progresseé than may be necessary, considering spend and
budget over the course of a day.

A different implementation including the highest

bidders may be combined with throttling so that each buyer

may continue to participate in each auction as long as a

buyer’s remaining daily budget may not be exceeded.

However, such an implementation may also fail to provide the
optimal objectiye for an auctioneer. At some point in the
déy, a buyer that may be able to bid on a variety of keyword
auctions may actually spen& the entire daily budget as the
highest bidder.on frequently occurring keywords, and thereby
be removed as an available buyer for bidding on less
frequently occurring keywords. Thus, this greedy approach
may also result in removing more buyers from auctions as the

- 2 -
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day progresses than may be necessary considering pricing and
frequency of keywords over the course of a aay.

What is needed is a system and method that may optimize
the objective for an online auctioneér while ensuring that
spending by buyers remains within their specified budget
constraints. Such a system and method should be able to
take into consideration sequencing of daily queries and;
budgeting by buyers throughout a day. Such a system and
method should be able to support an auctioneer’s objective
to maximize revenue and/or to maximizé overall “éocial”A

value of the auctioned.keywords to the bidders.

SUMMARY OF THE INVENTION

Briefly, the present iﬁvention may provide a system and
method fof scheduling online keyword auctions subject to
budget constraiﬁts; In various embodiments, a client having
a web browser may be operably coupled to a query processing
server for sending a query request. The query processing
server may include a model generator for creating a linear
programming model used to providé a candidate set of
advertiseméﬁts_for keywords of query requesfs. The query
procéssing server may also inplude an operably coupled
linear-programming énalysis engine for optimizidg the linear
programming model offline to generate slates of
advertisements for keywords of a query request and to
generate a frequency for‘each slate to indicate how often

- 3 -
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the slate of advertisements should be diSpiayed. The query
processing server may then choose a slate of advertisements
online in accqrdance with the generated frequencies to
provide a slate of advertisements accoﬁpanying search
resﬁlts of a queiy request to the web browser.

In an embodiment, the linear programming analysis
engine may assocliate with each slate of advertisements an
indicator of priority or value, apd an expected traffic
volume. 1In sﬁch an embodiment, the query processing server
may choose a slate of advertisements online in accordance
with the expected traffic priorities and values prescribed.

The query processing server may also be operably
coupled to a database of advertisements that may include any
type of advertisements that may be associated with an
advertisement ID. In an embodiment, several bidders may be
associated with an advertisement ID. The database of
advertisements may also include a colleétion of
ad&ertisement slates that may be generated as part of the
linear programming model. Each of the advertisement slates
may represent an ordered candidate set of advertisements for
keywords of a query reque;t..

The present invention may provide a framework for
predicting the volume and order in which queries may appear
throughout the day for use in allocating bidders to auctiodns
to optimize revenue of an auctioneer. A linear programminé
model of slates of advertisements may first be created

- 4 -
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offline along wiﬁh frequencies indicating how often each
slate of advertisements should be displayeq. Each slate of
advertisements may represent an.ordered candidate set of
advertisements, whére the ordering may be determined in
whole or in part by the bids of the buyers acéording to the
rules set by the auctioneer. To do so, a subset of queries
and bidders mayAbe selected;'aﬁ estimate of the number of
gqueries may be obtained for particular time-slots;. a
proportional budget may be calculated for each bidder for
each time-slot; and ranked slates of advertisements may be
determined for the subset of queries. Linear programming
using column generation with the forecast keyword
occurrences as a constraint and the bidders’ budgets as a
consﬁfaint may be applied to generate columns that may be

added to the linear programming model of slates of

advertisements in order to produce the optimal objective to

an auctioneer. Upon receiving a query request, a slate of
advertisements may be chosen online according to the
previously generated frequencies, and the chosen slate.of
advertisements that may provide an optimal objective to the.
auctioneer may then be ocutput for sending to.a web browser
for display. -

Advantageously, the present invention may effectively
use a forecast of the frequency and sequence of keywords
occurring throughout a day for optimizing the objective of
an auctioneer. By scheduling bidders to auctions, the

- 5 -
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present invention may also provide improved coverage for
multi-keyword bidders. Other advantages will become
apparent from the following detailed description when taken

in conjunction with the drawings, in which:

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram generally representing a
computer system ipto which the present invention may be
incorporated; ’ T

FIG. 2 is a bloék diagram generally representing an
exemplary architecture of system components for scheduling
online keyword auctions subject to budget constraints, in
accordance with an aspect of the present invention;

FIG. 3 is a flowchart for generally fepresenting the .
steps undertaken in one embodiment for scheduling online
advertising auctions subject to budget constraints by
applying linear programming using column generation,lin
accordance with an aspect'of the present inventién;

FIG. 4 is a flowchart for generally representing the
steps undertaken in one embodiment for applying lineér
programming using column generation to determine a relative
frequency for each slété to provide optimal revenue, in
accordance with an aspect of the present invention;

FIG. 5 is a flowchart for generally representing the
steps undertaken in one embodiment for determining one or
more slates of advertisements that may improve the objective

- 6 -
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by generating one or more columns of the linear programming
model, in accordance with an aspect of the present
invention;

FIG. 6 is a flowchart for generally representing the

- steps undertaken in one embodiment for responding to queries
applying the results of a linear programming model of
advertising auctions subject to budget constraints, in
accordance- with an  aspect of the present invention;

FIG. 7 is a flowchart for generally rebresenting the
steps undertaken in one embodiment for determining throttle
rates that may -be used in scheduling online advertising
auctions subject to budget éonstraints by applying linear

- programming using column generation, in accordance with an
aspect of the present invention; and

FIG. 8 is a flowchart for:generally representing the
steps undertaken in one embodiment for responding to queries
by applying throttle rates determined using the results of a
linear programming model of advertising auctions subject to
budget.constraints, in accordance with an aspect of the

present invention.

DETAILED DESCRIPTION

EXEMPLARY OPERATING ENVIRONMENT

FIG. 1 illustrates suitable components in an exemplary
embodiment of a general purpose computing system. The
exemplary embodiment is only one example of suitable

.

) -7 -
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components .and is not intended to suggest any limitation as

to the scope of use or functionality of the invention.

Neither should the configuration of components be
interpreted as having any dependency or requirement relating
to any one or combination of components illustrated in the
exemplary embodiment of a computér system. The invention
may be operational with numerous other general purpose or
special purpose computing system environments or
configurations.

The invention may be described in the general context
of computer-executable instructions, such as pfogram
modules, being executed by a computer. Generally, . program

modules include routines, programs, objects, components,

"~ data structures, and so forth, which perform particular.

tasks or implement particular abstract data types. The

invention may also be practiced in distributed computing

environments where tasks are performed by remote processing
devices that are linked through é communications network.
In a"distributed computing environment, program modules may
be located in local and/or remote computer storage media
including memofy storage devices.

With reference to FIG. 1, an exemplary system for

'implementing the invention may include a general purpose

computer system 100. Components of the computer system 100

" may include, but are not limited to, a CPU or central

processing unit 102, a System memory 104, and a system bus

-8 -
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120 that couples various system components including the

'system memory 104 to the processing unit 102. The system

bus 120 may be any of several types of bus.structures
including‘a memory bus or memory cdntroller, a peripheral
bus, and a local bus using any of a variety of bus
architectures. By way of example, and npt limitaﬁion, such
architectures include Industry Standard Architecture (ISA)
bus, Micro Channel Architecture (MCA) bus, Enhanced ISA
(EISA) bus, Video Electroﬂics Standards Association (VESA)
local bus, and Peripheral Component Interconnect (PCI) bus
also known as Mezzanine bus.

The computer system 100 may include a Qariety of
computer-readable media. Computgr—readable media can be any
available media that can be accessed by the computer system
100 and includes both volatiie and nonvolatile media. For
example, computer-readable media may include volatile and
nonvolatile computer storage media implemented in any method
or technology for stérage éf iﬁformation such as computer-
readable instructions, data struc£ures, program modules or
other data. Computer storage media includes, but is not
limited to, RAM, ROM,‘EEPROM, flash mémory or other memory
technology, CD-ROM, digital versatile disks (DVD) or othér
optical disk storage, magnetic cassettes, magnetic tape,
magnetic disk storage or other magnetic storage deviceg, or
any other medium which can be used to store the desired
information and which can accessed by the computer system

- 09 -
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100. Communication media may include computer-reédable
instructions, data structures, program modules or other data
in a modulated daﬁa signal such as a carrier wave or other
transport mechanism and includes any information deiivery
media. The term fmodulated data signal” means a signal that
has one or more of its characteristics set or changed in

such a manner as to encode information in the signal. For

"instance, communication media includes wired media such as a

wired network or direct-wired connection, and wireiess media
such as ;coustic, RF, infraréd and other wireless media.

The system memory 104 includes computer storage media -
in the form of volatile and/or nonvolatile memory such as
read only memory (ROM) 106 aﬁd random access memory (RAM)
110. A basic input/output system 108 (BIOS), containing the
basic routines that help to transfer information between
elements within computer system 100,vsuch aé during start-
up, is typically stored in ROM 166. Additionally,ARAM 110
may contain operating system 112, application programs 114,

other executable code 116 and program data 118. RAM 110

" typically contains data and/or program modules that are

immediétely accessible to and/or presently being operated on
by CPU 102.

The computer system 100 may also include other.
removable/non-removable, volatile/nonvolatile computer
storage media. By way of example only, FIG. 1 illustrates a
hard d?sk drive 122 that reads from dr writes to non-

_10_
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removable, nonvolatile magnetic media, and storage device
134 that may be an optical disk drive or a magnetic disk
drive that reads.from or writes to a removable, a

nonvolatile étoragé medium 144 such as an optical disk or

magnetic disk. Other removable/non-removable,

volatile/nonvolatile. computer storage media that can be used

in the exemplary compﬁter system 100 include, bgt are not
limited.to, magnetic tape cassettes, flash memory cards(»
digital versatile disks, digital video tape, solid state
RAM, solid state ROM, and the like. The hard disk drive 122
and the storage device 134 may be typically coAnected toithe
system Bus 120 through an interface such as storage
interface 124.

The drives and their associated computer storage media,
discussed above and illustrated in FIG. 1, prov;de storage
of computer-readable instructions, executable code, data
structures; program modules and other data for the computer
system 100. 1In FIG. 1, for example, hard disk drive 122 is
illustrated as storingioperating system 112, application
progréms 114, other executable code 116 and proéram data
118. A user may enter commands and information into the.
computer system 100 through an input déyice 140 such as a
keyboard and pointing devicé, éommonly referred to as mouse,

trackball or. touch pad tablet, electronic digitizer, or a

microphone. Other input devices may include a joystick,

game pad, satellite dish, scanner, and so forth. These and

- 11 -
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other input devices are often connected to CPU 102 through
an input interface 130 that is coupled to the system bus,
but may be connected by other interface and bus structurés,
such as a paréllei poft, game port or a universal serial bus
(USB). A display 138 or other type of video device may also
be connected to tbe<systeh bus 120 via an interface, such as
a video interface 126. In addition, an oufput device 142,
such as speakers or a printer, may be connected to the
systém bus 120 through an output interface 132 or the like
computers.

The computer system 100 may operate in a networked
environment using a network 136 to one or more remote
computers, such as a rem@te computer 146. The remote
computer 146 may be a personal computer, a servér, a router,
a network PC, a peer device or other common network node,
and typically includes many or all of the elements described
above:relative to the computer systém 100. The nétwork 136
depicted in FIG. 1 may include a local area network: (LAN), a
wide area network (WAN), or other type of network. Such
networking environments are commonplace in offices,
enterprise-wide computer networks, intranets and the
Internet. In a networked environment, executable code and
applicaﬁion programs may be stored in the remote computer.
By way of example, and not limitation, FIG. 1 illustrates
remote executable code 148 as residing on remote computer
146. It will be appreciated that the network cénnections

- 12 -
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shown are exemplary and other means of establishing a

communications link between the computers may be used.

SCHEDULING ONLINE KEYWORD AUCTIONS SUBJECT TO BUDGET

CONSTRAINTS

The present invention is generally directed towards a
system and method for scheduling online keyword auctions
subject to budget constraints. A linear programming model

of slates of advertisements may be created offline for

.predicting the frequency and sequence of keywords occurring

throughout a day fof use in online scheduling of bidders to
auctions that may optimize revenue of an auctioneer. Each
slate of advertisements may represént a candidate set of
advertisements in order of optimal revenue Eo an auctioneer.
Linear programming using column generation with the keyword
as a constraint and a bidder’s budget as a constraint may be
applied to generate columns that may be aaded to the linéar
programming model of slates of advertisements in order to
determine optimal revenue to an auctioneer. Upon receiving
a query request, a slate of advertisements may be choseﬁ
online according to the generated frequencies,'and the
chosen Slate of adVertisements may then be output for
sending to a web browser for'display.

As will be seen, the framework described may also apply
when the budget constraints for one or more bidders may
require those bidders to be removed from a set of bidders.

_13_'
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In this case, subsequent bidders may be moved dp the order
in a slate of advertisements. As will be understéod, the
various block diagrams, flow charts and scenarios déscribed
herein are only examples, and there are many other scenarios
to which the present invention will apbly.

Turning to FIG. 2 of the drawings, there is shown a
block diagram generally representing an exemplary
architecture of system components for scheduling online
keyword auctions subject to budget constraints. Those
skilled in the art will appreciate that the functionality
implemented within fhe blocks iliustrated in the diagram may
be implemented as separate components or the functionaiity
of several or all of the blocks may be implemented within a
single component. For example, the functionality for the
client query_handler 206 may be included in the same
component as the web browser 204. Or the functionality of
the model generator 216 may be implemented as a separate
component an another server. Moreover, those skilled in the
art will appreciate that the functionality implemented
within the blocks illustrated in the diagram may be executéd
on a single computer or distributed across a plurality of
computers for execution. |

In various‘embodimenté, a client compu;er 202 may be
operably coupled to one or more servers 210 by a network
208. The client‘computer 202 may be a computer such as
computer system 100 of FIG. 1. The network 208 may be any

- 14 -
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type of network such as a local area network (LAN), a wide
area network (WAN), or other type of network. A'web’browser.
204 may execute on the client computer 202 and may include
functionality for receiving a search request which may be
input by a user enteriﬁg a query. The web browser 204 may
be operably coupled to a client gquery handlef 206 that may
inclﬁdé functionality for receiving a query entered by a
user and for sending a query request to a server to obtain a
list of search results; In general, the web browser 204
and the client query handler 206 may be any type of
interpreted or executable software code such as a kernel
component, an application program, a script, a linked
library, an ébject with methods, and so forth.

The server 210 may be any type of computer system or
computing device such as computer system 100 of FIG. 1. 1In
general, the server 210 may provide services for query
processing and may include services for providing a list of
auctioned advertisements to accompany the search results of
query processing. In particular, the server 216 may include
a server query handler 212 for receiviﬁg and responding to
§uery requests, a model generator 2i4 for creating a linear
programming model used to provide a candidate set of
aavertisements for keywords of query requests, and a linear
program analysis engine,. or optimizer, 216 for choosing
slates of advertisements for keywords of the queries
expected for processing. Each of these modules may also be

_15_
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any type of executable software code such as a kernel
component, an application program, a linked 1library, an
object with methods, or othér type of executable software
code;

The server 210 may be operably coupled to a database of
advertisements such as ad store 218 that may include any
type Oof advertisements 220 that may be associated with an ad

ID 214. 1In an embodiment, several bidders 222 may be

"associated with an ad ID 214 for one or more advertisements

220. The ad store 218 may also ihcludefa collection of ad
slates that may be generated as part of the linear
programming model, each ad slate representing an ordered
candidate set of advertisements for keywords of.a query
request. |

There are mény applications which may use the present
invention for scheduling online auctions subject to budget
constraints. For example,bonline'search advertising
applications hay use the present invention to schedule
keyword auctions subject to‘b;dders’ budget constraints. Or
online seérch advertising applicatioﬁs may use the present
ipvention to schedule keywqrd auctions by expected revenue
rather than by bid. For any of these applicatioﬁs,
advertisemeﬁt auctions may be gcheduled that‘optimize the
objective of the auctionéer.

FIG. 3 presents a flowchart for generally representing
the steps undertaken in one embodiment for scheduling online

- 16 -
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advertising.auctions subject to budget constraints by
applying linear programming using column generation. In an

embodiment, consider M = {®, B} to be an auction

.

marketplace, where O={q1, g2, .., gy} may be a set of possibie

queries and B={b;, bz, ..,by} may be a set of all bidders.
Also consider the “bidding state” of the auction marketplace

to be defined by a matrix A(t), where A, ;(t) may be the bid

amount that the j-th bidder may be bidding on the i-th query

gi. Assuming a static bidaing state (A(t)=A), consider the
daily budget limit that may be specified by each bidder bj to
be defined as d;. Note that in an embodiment, dj can
represent the daily budget. for a campaign, where a buyer may
be associated with multiple.campaigns. Thus d; may represent
a daily spend limit by a bidder (or campaign) across
multiple queries. If a daily budget limit may not be
specifiedrfor a bidder, then assume that dj=e.

For each query qgi, consider &JO)=AU-WUQ) to be the
ranking fﬁnction used to rank the j-th offer in an auction
instance, where w; j(t) may be a time-dependent weighting
facto: for the i-th query and j-th bidder. The ranking
function R;,j(t) may be equal to zero for any bidder bj.that

may not participate in an auction instance. Furthermore,

wi,;{t) may be separated into two components as follows:

w,(0=0,,0- B (1), where Q,,;(t) may be defined to be the
quality component of w;,; and Bji,j(t) may be defined to be the

- 17 -
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budgeting ¢omponent. For example, in an online auction
Q;,;(t)= 1 may result in a bid 6rdering o} advertisements,
and Q; j(t)= CTRxJ, where CTR representg the.click—through
rate, may result in a revenue ordering of the
advertisements. A linear programﬁing model may be created
for this defined marketplace as further described below.

At step 302, a set of queries bid upon by a set of:
bidders may be selected from the expected query set. For
example, queries received for a preQiously~occurring day may
be selected and a set of bidders who have bid on those
gqueries may be selected. At step 304, an estimate of the
number of queriés may be obtained for each time-slot in a‘
time periocd. 1In an embodimén;, there.may be twenty¥four
hour-long timeslots defined for a 24 hour day. 1In various
othgr embodiments, the ‘timeslot may be fifteen minutes long,
thirty minutes long, a period of a day and so forth.

Once an estimate of the number of queries may be
obtained for each time-slot, a proportional budget for each
bidder may be calculated for each time slot at step 306. In
an - embodiment, a proportional budget may be calculated for
each bidder by scaling a known budget over a period of time,
such as scaling a daily budget over a period of 24 hours,
and over a set of queries. Furthermore, calculating a
proportional budget may include adjusting a scaled amount by

subtracting accrued spending for a given time period.
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At step 308, ranked slates of ads may be determined. for

the subset of queries. For each query g, , the “bidding
landscape” may be defined in an embodiment as a set of
bidder indices Li={jP:R,,j’>O,p=l...I’,.}, where the indices Jjp may

be sorted by the value of R;,; in descending order, and P; may
be the number of bidders in the landscape. .

Furthermore, a slate of ads may be defined that may be

a subset of the bidding landscape L,. Each bidding landscape

L, may be mapped into a set of slates l:, each being a unique
subset of L, which can be obtained by deleting members of I,
while maintaining the ordering and then truncating, if

necessary, to E* members. More formally, The kth slate for
ad i, may include a unique subset (of length E*) of the

indices ofl,, and may be defined as Lf={j,, 2Ty, eL,.,ISP,"SP},.

where P may be the maximum number of slots available for

advertising on a page, such as a web browser. The indices

i . k . 13 .
in L may be ordered as in IL,, such as in order of ranking

1

Ri,;. In an embodiment, if there may be less than éfl
members, an additional dummy member may be added to Lffor
ﬁhe purpose of comguting second-bid prices.

At 'step 310, the estimated click-through-rate may be .

determined for ad positions for keywords of each query. For

a query gi, consider Tb(p).to denote the expected click-

- 19 -
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through-rate (“CTR”) for a bidder j who may be ranked at
slot p on a pagé.

In general, the data collected in steps 302 through 310
may be stored for use by the lingar programming apalysis
engine to .apply linea; programming using column generation
to determine thé relative frequency for- each slate to
provide optimal revenue. At step 312, linear programming
using column generétion may be applied to determine the.
relative frequency for each slate to provide optiméi
revenue.

FIG 4. presents a flowchart for generally representing
the steps undertaken iﬁ oné‘embodiment for applying linear
programming using column generation to determine a relative
frequency for each slate to provide optimal‘revenue. In
general, the data collected from steps 302 through 310 for
the linear programming model may be read from storage by the
linear programming module in order to formulate and build
the model as follows. Consider x;jx to represent the number
of times té show' slate k for.keyword i in a given time slot.
Note that any choice for x;, can be fepresented as particular
values for Bj,j;(t). In general,'vaiues for xix 2 0 may be
found, such that revenue for a timg-slot may be maximized
and spending may be less than the budget for all bidders j.

The gxpected revenue-per-search (;ps) may be defined in

a 2™ bid pricing model for a slate and a query as:
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Vid Qi;jn - (t)
ps(8)= 2T () 4o 50

The total revenue for a time-slot, over all queries,

méy therefore be defined as:
N
Rev=> > rps(Li)x, -
k=
The daily spend for each bidder j may be represented
, .
asSpend; = Y 5,(i,k)-x,, where &,(i,k)=T,, (p)-U,J", and U, , may

k inl

be the price bidder j pays every time his ad may be clicked

at position p for the k-th slate of q;, defined as:

0, ‘
4. —*=__ O<p<B'<sP
Ui,j,’ = e Qi,j.’ (r)
0 otherwise

Linear programming with column generation may be used

to find the optimal allocation. For example, consider dj to

be the budget for bidder j; consider v; to be the expected

number of occurrences of the i-th kéyword in the time-slot;
consider Cijk = 6,(i,k) to be theAexpected cost to bidder-j of.
if slate k may be ;hown for keyword i; and r;, = mm(ﬁ) to be
the expected revenue on slate k for keyﬁord i. For a budget
defined as Z&Z}.cijk Xip < dj Vj=1, .. , M ,and an
inventory defined as Za'xik < vy b;i=l,m, N ; the
relative frequency for each slate to provide optimal revenue

may be determined by maximizing 2; Xj rjp X;p-

- 21 -
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Using a conventional column-generation approach (See “A
Column Generation Approach for Combinatorial Auctions”,
‘Workshop on Mathematics of the Internet: E—Auctioﬁ and
Markets Institute for Mathematics and its Applications

(2001) by Brenda Dietrich and John J. Forrest), an initial
subset of slates, LieLf, may be generated at step 402 and

the corresponding linear program may be solved at step
404,and then columns may be generated as needed using dual

values of a linear program at step 406. For instance,
consider =z, to be the marginal value for bidder j’s budget ,
more specifically, the simplex multipliers for the j*
constraint °f-2}2&-cijk Xip S5 vV j = 1,'m , M, and

consider y;, to be the-marginal value for the itP keyword,

more specificélly, the simplex multipliers for the it”

constraint of 2} x;, < v, 'V i=1,.., N, then a column

- corresponding to slate L} (and hence to variable x;,) may

be profitably introduced into the linear programming model

if T 20w =1 >0,
Jjely

Accordingly, for each keyword i, m"EECMn,»may be
: jely ’

maximized over the legal slates L:. If a slate may be found

such that ﬂk"%%cm”j—7}>0’ the corresponding slate and its
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variable may be introduced into the linear programming
model. If no such slate exists for any i, then an optimal

solution may have been obtained. Those skilled in the art

will appreciate that in an alternate embodiment, }Ecwﬂj—g
. jelt

may be equivalently minimized over the legal slates L.

Rather than generate every slate l: a priori, after an
initial subset of slates, LieLf, may be generated, then
columns may be generated as needed using the dual values =z,

and .y, of a linear program. For instance, considering the

RO
0.,.®

B
coefficients r, =rpS(L7) = Z'-’;,/,, (1)'4.1.,., ’ and
=

Qs @
= Sy o =D Calt;—¥,; >0
Cy k _.7;.1., (p) Af-ln,.. . 0, O in a7 JEZI: ;= Y=Y,

¢ 0. @ L .
EAﬂ):Il]qu)uymﬂuzr—a;{I—nh) may be maximized for a given
= ivjkl

m,over slates L.

FIG. 5 presents a flowchart for generally representing
the steps undertaken in one embodiment for determining one

or more slates of advertisements that may improve the

‘"objective by generating one or more columns of the linear

programming model. A keyword may be obtained at step 502,

for instance, from a query. At step 504, a subset of L, may

‘be generated for a keyword i of a query, and it may be
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determined at step 506 whether the subset may provide an
improved solution. In an embodiment, the subset of‘Q may

provide an improved solution if upon evaluating

7 Q"-h,o» (t) .
E"(”)=,z=l:z"" (1).A,Jw 'E,T(—t)_.(]—”"') , F(x)>y,. If so, the

column(s) corresponding to the subset of L, may be added to
the linear programming model at step 508. If the condition
of F,(7)>y, may not be satisfied, then it may be determihed
at step 510 whether the keyword'méy be the last keyword
included in the query. If not, then processing may continue
at step 502.

If all keywords have been processed, then it may be

determined at step 512 whether any improving slate may have
been found, that is some L} may be found for which F,(7)>y,.

If so, the augmented lineér‘program incorporating the
additional columns generafed at step 508 may be solved, énd
prpcessing may continue to step 502; If it may be
determiﬂed at step 512 tha; no improving slate may be found,
then processing may be finished since there may not be found

any new column satisfying the condition of F,(r)>y,, and the

linear programming model may pfovide an optimal solution.

Thus, the present invention may reduce the columns of
the linear programming model to a manageable size by using a
subset- of possible combinations of advertisements which can
be shown for each keyword. Once created, advertisement

- 24 -
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slates and frequencies may also be available for caching.

In other embodiments, the linegr programming analysis engine
may associate with each slate of advertisements an indicatéf
of ériority or value, and an expected traffic volume. 1In
such embodiments, the query processing server may choose a
slate of advertisemenﬁs online in accordancé'with the
expected traffic priorities and values prescribed. Moreover,
the framework describea may'also apply when the budget
constraints for one or more bidders may reguire those
bidders to be removed from a set of bidders. 1In this éase,
subsequent bidders may be moved up the order in a slate of
advertisements.

FIG. 6 presents a flowchart for genefally representing
the steps undertaken in one embodiment for responding to
queries applying the results of.a linear programming model
of advertising auctions subject to budget constraints. Note
that FIG. 6 may present a flow chart for one embodiment of
the process of serving the slates of ads generated by the
linear programming model. fhe slates of advertisements
generated by the linear programming model may be stored as
in 226 for use by the ad server. A querxy having a keyword
may be received at step 602, and slates of advertiSements
for the keyword may be found at step 604 alohg with their
assqciated freqﬁencies. A random, or pseudo-random number,
may be generated at step 606 with the same distibution as

the specified frequencies. And the generated random number

- 25 -
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may be used at step 608 to select a slate of advertisements
toAéhow with the query results. The §el¢cted slate of
advertisements may be served at step 610 for display with
the query results.

In addition to a client-server application that may
implement the steps described‘in'conjunction with FIG. 6 for.

serving a slate of advertisements,'the present invention may

r

‘also be applied for optimizing throttling rates used in

- applications to remove advertisements of bidders from a

slate of advertisements when the bidders have spent an
expected amount of their budget. Advantageously, applying
the present invention for optimizing throttling rates may
provide an advertising allocation that may requires less
online computing resources by a server than direct
application of the linear proérémming m&dei of the present
invention. For example, in an e@bodiment of a direct
application of the linear programming model of the present
invention, a server may be configured to maintain access to
a database of all the slates of advertisements generated in
an optimal solution, as well as their frequencies for
display. In various applications that may use thrqttlipg of
bidders, the optimal slates of advertisements along with the
frequency data may be post-processed to obtain “throttling
rates” which may then be applied to the holding out of a
bidder from the bidder landscape, either on a query
independent basis or on a query-bidder pair basis.

- 26 -
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FIG. 7 presents a flowchart for generally representing
the steps undertaken in one embodiment foér determining
throttle rates that maykbe used in scheduling online
advertising'auctioqs subject to budget constraints by
applying linear programming using column generation. At
step:702, a model of slates of advertisements within
bidders’ budgets may be created using the method described
in conjunction with FIGS; 3-5 above. At step 704, throttle
rates may be determined using the model. To do so, the
linear programming model of the present invention may be
extended to take into account the expected prices paid by
the.bidders. For example, the linear programming model may
provide a set -of slates for each query, together with the
number of timesithe k-th slate for query i may be shown,'
denoted %n. The i-th query may be assumed to appear a total
of g; times. Each slate ma? bave a maximum number of bidders
appearing, such as 12 in one embodiment, ahd a bidder j may
be cbnsidergd to have an expected pay-out cost of pixj  for
appearing in slate k for query i. Consider Q; to be the set
of queries on which bidder 7 has bid, and consider Sulto be
the set of slates for query i in which bidder j appears.

Then, in an embodiment, effectivé throttle rates may be
derived by compéring the number of times a bidder appears in
some slate, for which they were eiigible, witﬁ the number of

times that the queries occured which were used to generate
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the slates. Accordingly, an effective throttle rate for

bidder j may then be defined by the following equation:

Z i Z kesS; Xax
Z ieQ; 4

in all-the slates fér which j may be eligible, and 1.0 if j

TR =1- , which may be zero if j participates

may appear in npne'of them because j has been completely
throttled out. Considering the additional expected cost of
participating in a slate, the average price that bidder j
may pay per impression for participating in slates for query

k may be defined as:

_ z res, Pig *ix

(e
kes; ik

where the dependency of the pjx; on the

other bidders for the term may be ignored.

The effective throttle rate may then be computed by
comparing the expected total price paid with the maximum
that could have been spent at the rate P;; for the relevant
queries by using the following equation:

ZieQ, Zkes,, PixjXix

Z ist qil::j

TR, =1- Notice that this equation may

Zi Z kES,,- x’*
Z ieQ, 4

In another embodiment, an effective throttle rate may

be equivalent to TR] =1- when the p;x; may be all

.equal.

be derived by applying the linear programming model to
provide finer-grained throttling by gquery and bidder. To do
so, the comparison of the number of times a bidder appears

in some slate, for which they were eligible, with the number
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of times that the queries occurred which were used to

Zi Zkes‘;x”‘
S ]
: ZIerq‘

applied to an individual query k by using the following,

generate the slates, defined as TR?él— may be

equation:

| s, T
OBTR, =1-—"4 _
. _ g,

These throttle rates for a query-bidder pair more
closely approximate the linear programming model and should
produce solution values intermediate between the effective
throttle rate for all queries and the linear programming
solution. Note tﬁat, in this case, it may no longer be
necessary to weight by the expected cost. Herver, the data
storage requirements for this approach may be greater, and
it may require more computing resources to integrate
throttlé rates for a query-bidder pair in existing server
implementations for adveftising auctions.

Returning té FIG. 7, the throttle rates may be output
at.step 706. In an embodiment, the throttle rates output
may be used by a server in responding to queries by applying
throttle rates to remove advertisements in the bidding
landscape for the query of bidders who may otherwise be
expected to exceed their budget.

FIG. 8 presents a flowchart for ggnerally representing
the steps undertaken in one embodiment for responding to

queries by applying throttle rates determined using the

a9 -
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results of a linear progfamming model of advertising
auctions subject to budget constraints. A query having a
keyword may be received at step 802, and a bidding landscape
for the keyword may be found at step 804. 1In an embodiment,
the bidding landscape may have been.generated using the
method described in'conjuhction.with FIG. 4. In another
embodiment, the bidding landscape may have been generated
using another method, such as .a greedy techniqﬁe of choosing
the bids of advertisements based upon the highest bids for
the keyword. Throptle rates may then be applied at step 806
to remove advertisements of bidders from the bidding
landscape. Next, a slate of advertisements may be generated
from the remaining bidding landscape at step 808. And the‘
slate of adyertisements maynthen be served at step 810 for
display with the query results.

As can be seen from thg foregoing detailed description,
the presenp invention provides an improved system and method
for scheduling online keyword aﬁctions subjéct to budéet
constraints. Such a system and method may efficiently
schedule bidders to .auctions to optimize revenue of an
auctioneer. ~The systém and method ﬁay also apply broadly to
online search advertising applications and may be used, for
example, to séhedule keyword aﬁctions by expected revenue
rather than by.bid. Moreover, the present invention may
also be applied for‘optiﬁizing throttling rates used in
applications to remove advertisements of bidders from a

_'30 -
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slafe of advertisements when the bidders may be expected to
exceed their budget. As a result, the system and method.
provide significant advantages and benefits needed in
contemporary computing and in online appliqations.

While the invention is susceptible to various
modifications and alternative constructions, certain
illustrated embodiments thereof are shown in the drawings
and have been described above in detail. It should be.
understood, however, that there is no intention to limit .the
invention to the specific forms disclosed, but on the
coﬁtrary, the intention is to cover all modifications,
alternative construcéions, and eq;ivalents falling within

the spirit and scope of the invention.
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WHAT IS CLAIMED IS:

1. A computer system for scheduling online
advertisements, comprising:
a model generator for creating a linear programming

model used to provide candidate sets of advertisements,

based on the results of an online auction, for keywords of

query requests;

a linear programming analysis engine for determininé an
optimal set of the slates of advertisements for keywords of
a query request being processed; and

a query processing server operably coupled to the
linear programming analysis engine for providing slates of
auctioned adver£isements acdompanying search results of

query processing.

2. The system of claim 1 further comprising an
advertisement store operably coupled to the linear
programming analysis engine for storing advertisements that

may be presented as a slate of advertisements.

3. The system of claim 1 further comprising a query
handler operably coupled to the query processing server for

receiving and responding to query requests.
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4, A computer-readable medium having computer-

executable components comprising the system of claim 1.

5. A computer-implemented method for .scheduling
5 online aucfions, comprising:
receiving a query having the keyword:
finding slates of advertisements for the keyword and
frequencies for displaying'eacﬁ slate of advertisements;
selecting a slate of advertisements for display with
10 results of the query; and
outputfing the slate of advertisements for display with

the results of the query.

6. The method of claim 5 further comprising creating
15 the linear programming'model of slates of advertisemenps,
each slate representing a candidatg set of advertiseménts in
order deteimined in whole, or in part, by the bids of the

advertisers on the keywords.

20 7. The method of claim 6 wherein creating the linear
programming model of slates of advertisements comprises

selecting a subset of queries and bidders.

8. The method of claim 6 wherein creating the linear

25 programming model of slates of advertisements comprises
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obtaining an estimate of the number of queries for each of a

plurality of time-slots.

9. The method of claim 6 wherein creating the linear
programming model of slates of advertisements comprises
célcuiating a proportional budget for each bidder for each

time-slot.

10. The method of claim 6 wherein creating the linear
programming model of slates of advertisements comprises
determining ranked slates of advertisements for the subset

of queries.

11. The method of claim 6 wherein creating the linear
programming model of slates of advertisements comprises
estimating click through rates for advertisement positions

in a slate of advertisements for the keyword of the query.

12. The method of claim 10 wherein determining ranked
slates of advertisements for the subset of queries comprises
determining a set of bidder indices that may be ranked in
descending order using a ranking function with a weighting

factor for the subset of queries and a set of bidders.

13. The method of claim 10 wherein determining ranked
slates of advertisements for the subset of queries comprises

- 34 -
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determining a number of slots available for advertising on a

display page.

14. The method 6f claim 6 wherein creating the linear
prégramming model of slates of.-advertisements comprises
applying linear prdgramming using the keyword counts as a
constraint and bidders’ budgets as a constraint to generate

columns that may be added to a linear programming model.

15. The method of claim 14 wherein applying. linear
programming using the keyword counts as a constraint and the
bidders’ budgets as a constrain£ to generate the columns
that may be added to the linear programming model of slates
of advertiseﬁents comprises determining the expected cost to

the bidder for showing a slate of advertisements for the

keyword in a time-slot. ;

16. The method of claim 14 wherein applying linear
prog:amming using the keyword counts as constraints and the
bidders’ budgéts as a constraint to generate the column that
may be added to the linear programming- model of slates of
advertisements comprises determiniﬁg the expected revenue to
the auctioneer for showing a slate of advertisements for the

keyword in a time-slot.
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17. The method of claim 5 wherein outputting the slate
of advertisements for display with the results of the query
comprises including the slate of advertisements in a web

pége for display to a user.

5
18. A computer-readable medium having computer-—
executaSle instructions fér performing the method of claim
5.
10 : 19. A computer system for scheduling online auctions,
comprising:

means for generating a subset of a list of
adQertisements'for a keyword of a query;

means for determining whether the subseﬁ may provide

15 optimal revenue to an auctioneer;

means fér adding to a linear programming model a column
corresponding to the subset of the list of advertiseﬁents;
and

means for outputting the sﬁbset of a list of

20 advertisements for the keyword of the query.

20. The computer system of claim 19 wherein means for
determining whether the subset may provide optimal revenue
to the auctioneer comprises using dual values of a linear

25 program model, the dual values represented by a marginal
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value for a bidder’s budget and a marginél value of the

keyword.
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