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Controlled Experiments on the Web:
Survey and Practical Guide

Ron Kohavi 3 Roger Longbotham s Dan Sommerfield 5 Randal M. Henne

ABSTRACT The web provides an unprecedentepportunity to evaluate ideas quickly using controlled
experiments, also called randomized experimendB tests (and their generalizations), split tests,
Control/Treatmentests MultiVariable Tests (MVT)and parallel flights.Controlled experiments eraly the best
scientific design for establishing a causal relationship between changes and their influence-alsarsable
behavior. We provide a practical guide toonductingonline experiments where enelusers can help guidie
development of featuse Our experience indates that significant learniragd returron-investment (ROI) are seen
whendevelopment teanssten to their customers, nottothée iy hest Pai d P ePPQ)We@ravideOpi ni on (
severalexamples of controlled experimentith suprising results.We revew the important ingredients ofinning
controlled experiments, and discuss their limitatifbth technical and organizationalyVe focus on several areas

that are criticato experimentationincluding statistical power, sample size, and t&igoies for variance reduction.

We describecommon architectures faxperimentation systenmend analyze theiadvantages and disadvantages

We evaluaterandomgzation and hashing techniques, which we show areasosimple in practice as often
assumed. Controlled experiments typically generate large amounts of data, which can be analyzed using data
mining techniques to gain deeper understanding of the factors influencing the outcome of interest, leading to new
hypotheses and creating a virtuous cycle of improvemedtganizations that embracentmlled experimentsvith

clear evaluation criterigan evolvetheir systemswith automated optimizationand reaitime analyss. Based on

our extensivepractical expeaience with multiple systems and organizationge share key lessortbat will help
practitioners in running trustworthy controlled experiments.
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1. INTRODUCTION
One acurate measurement is worth more
than athousand expexpinions
0 Admiral Grace Hopper

In the 1700s, a British shipbés captain observed the [ ack
countries, where citrus fruit was part of their rations. He then gave half his crew limesggt@dnt group) while the other

half (the Control group) continued with their regular diet. Despite much grumbling among the crew in the Treatment group,
the experiment was a success, showing that consuming limes prevented scurvy. While the captaiealigenthat scurvy

is a consequence of vitamin C deficiency, and that limes are rich in vitamin C, the intervention worked. British sailors
eventually were compelled to consume citrus fruit regularly, a practice that gave rise to-grapstdk lalel limeys(Rossi,

et al., 2003; Marks, 2000)

Some B0 years laterGGreg Lindenat Amazoncreated a prototype to shgwersonalizedecommendations based on items in

the shopping cafLinden,2006) You add a item, recommendations shay; add another item, different recommendations

show up. Linden notes that hile the prototype looked promisinfia marketingsenior vicepresident was dead set against

it,0 claiming it will distract peple from checking outGr e g faviadslen fo work on this any further®Nonetheless, Greg

ran a controlled experimenandthe fifeature won by such a wide margin that not having it live was costing Amazon a
noticeable chunk of change. With new urgendypmping cart recommendations launcidied. Si nce t hen, mu | t
copiedcart recommendations

The authors of this paper were inveld in many experiments at Amazadvicrosoft, Dupont, and NASA The ailture of
experimentatiormt Amazonwhere datarumps intuition(Kohavi, et al., 2004)ard a system that made running experiments
easy allowed Amazon tannovatequickly and effectively At Microsoft, there are multiple systems famningcontrolled
experiments. W desribe several architectures in this paper with their advantages and disadvantages. A unifying theme is
that controlled experiments have great retomrinvestment (ROI) and that building the appropriate infrastructure can
accelerate innovatioistefan Tk mk e 6 s b ook t i t BExerimentatioreMattersgTinamkes 2003h e r e :

The web provides an unprecedented opportunity to evaluate ideas quickly using controlled experiments, also called
randomized experiments (singflactor or factorial designs), A/B tests (and their generalizations), split tests,
Control/Treatment, and parallel flightdn the simplest manifestation of such experiments, live users are randomly assigned

to one of two variants: (i) the Control, whichdso mmonl y t he fiexistingd version, and
new version being evaluated. Metrics of interest, ranging frortime performance to implicit arekplicit user behaviors

and survey data, are collected. Statistical tests are then conducted anlldbeddatato evaluate whether there is a
statistically significant difference between the two variants on metrics of interest, thus permittingetasntor rejectthe

(null) hypothesis that there is no difference between the versitmsnany cases, drilling down to segments of usisiag

manual (e.g., OLAP) or machine learniagd data miningechniquesallows us to understand which subpopulasichow
significant differences, thuselping improveour understanding argtogress forward with an idea.

Controlled experiments prode a methodology toeliably evaluate ideadJnlike other methodologiesuch as podtoc

analysis or interrupted timeges(quasi experimentatior{(Charles, et al., 2004dhis experimental desigmethodologytests

for causal relationshipeeppel, et al., 1992 pp.-6). Most organizations have many idedut the returon-investment

(ROI) for many may be unclear and the evaluation itself may be expensive. As shown in the next section, even minor
changes can make a big difference, aftdnin unexpected ways. A live experiment goes a long way inigiray guidance

as to the value of the ide®@ur cantributions include the following

1 In Section3 we review controlled experimenisa a web environment angrovide a rich set of referengescluding an
important review of statistical power and sample size, which are often missing in primers. We then look at techniques for
reducing variance that we found useful in practice. We also discuss extensionsitatobtisso that practitioners can
avoid pitfalls.

1 In Sectiond, we present several alternatives to MMé&riable Tests (MVTS) in an online setting. In the waite world,
there are sometimes good reasons to prefer concurrenamaie tests over traditional MVTSs.

1 In Section5, we present generalized architectures thaify multiple experimentation systems we have sesm we
discuss theipros and cons We show that some randomization arabthing schemes fail conditional independence tests
required for statistical validity.

1 In Section6 we provide important practical lessons.
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When a company builds a system for experimentation, the cost of testing and experimental failure becomes small, thus
encouraging innovation through eeqimentation. Failing fast and knowing that an idea is not as great as was previously
thought helps provide necessary course adjustments so that other more successful ideas can be proposed and implemented.

2. MOTIVATING EXAMPLES

The fewer the facts, ttstronger the opinion
d Arnold Glasow
The followingexamples present surprising results in multiple areas. The first two deal with small Ul changes that result in
dramatic differences. The third example shows how controlled expericemnte used to make a tradeoff between short

term revenue from ads and the degradation in the user experience. The fourth example shows tloenirss|enf
experiments in backend algorithms, in this case search at Amazon.

2.1 Checkout Pageat Doctor FootCare

The conversion rateof an ecommerce site is the percentage of visits to the website that include a purchafloWwirey
example comes fr om BEiserberg, F0D3s Eserherg, 20835 ar t i cl es

Doctor FootCare™

B Shopping Cart

Doctor FootCare™

B Shopping Cart

Home | Products | Leam More | Tips | Testimonials | FAQ | AboutUs | Contact Us

1-866-211-9733 Home | Products | Leam Morw | Tips |

Testimonials | FAQ | AboutUs | ContactUs 1-866-211-0733

Shop With Confidence Shop With Confidence
+ Satistaction Guaranteed + 30-day, hassle-free Retums +/ Satistaction Guaranteed  30-day, hassle-tree Retums
v 100% Safe, Secured shopping / We assure your Privacy + 100% Safe, Secured shopping. ' We assure your Privacy

10090 Se d Chedkout
15) 10045 Secured Checkout 5] i e » Proceed To Checkout

D e smber | quaosty | ramors | vt poce | subou

Trial Kit FFCS 1

Continue Shopping | » Proceed To Checkout

T T T T T

Trial Kit FFCS 1 = $0.00

iiid $0.00 $0.00
[ oucomt | t000

[___totat | 000
Update Total: $8.00
Enter Coupon Code
Select Shipping Method Standard ($5.95) ¥ Select Shipping Method Standard ($5 95) v
9 10004 Secured Checkout Continue Shopping | » Proceed To Checkout
S S = 5} 10095 Secured theckout Recalculats | | Continue Shopping » Proceed To Checkout
Home | Products | Leam More | TYips | ls | EAQ | AboutUs | ContactUs | Shopping
Cart

Home | Products | Leam Mors | Ties | Testimonials | EAQ | About Us | ContactUs | shopping Cart

Figure 1: Variant A on left, Variant B on right.
Can you guess which one has a higher conversion rate and whether the difference is significant?

There are nine diffrences between the two variaofghe Doctor FootCareheckout page shown Figurel. If a designer
showed you these and asked which one should be deploydd,yoautell which one results in a highesrwversion rate?
Could you estimate what the difference is between the conversioranatetetherthat differencds significan®

We encouiageyou, the readettp think abouthis experimenbefore reading the answe€an you estimate which variant is
better and by how much? It is very humbling to see hawd itis to correctly predictheanswer

Please, challenge yourself!
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Variant A inFigurel outperformedv ar i ant B by an order of magnitude. I n r
lost 90% of their revendieMost of the changes in the upgrade were positive, but the coupon code was the critical one: people
started to think twice about whether yheere paying too much because there are discount coupons out there that they do not
have. By removing the discount code from the new version (B), convert®iincreased 6.5% relative to the old version

(A).

2.2 Ratings of Microsoft Office Help Articles

Users of Mcrosoft Office who request help (or gmough theOffice Onlinewebsiteat http://office.microsoft.comare gven
an opportunity to rate tharticles they read The initialimplementation presented usevith aYes/Nowidget. The team then
modified the widget and offered asfar ratings.

The motivations for the change were the following:

1. The 5star widget provides finggrained feedback, which might help better evaluate content writers.
2. The 5star widgetimprovesusability by exposing users to a single feedback box as opposed to two separaps fope
for Yes/Naand another fowhy).

Was this information helpful?
Yes || M
T
|
r = == = Usger clicks "Yes" = = = = & = = = = User clicks ‘No'= = = = -I
|
h ¥
How was this information helpful? How can we make this information more helpful?
__________________________
Back Submit |L_Back Submt_|

Figure 2: Microsoft Help Ratings Widget. The original widjet is shown abwee.
When users click on Yes/No, the dialogue continues asking fotdreénput (twephase)

Please let us know if this content was helpful.
Rate this content:
KKK

Tell us why wou raked the content this way (optional):

Figure 3: New 5-star ratings widget. Single rating widget with 5 stars

Can you estimate which widget had a higlesponse rate, where response is any interaction with the widget?

The surprise here was thatimber of ratings plummeted lapout 90%thus significantly missing on goal #2 above. Based
on additional tests, it turned out that the tstage model helps iimcreasing the response rateSpecifically,a controlled
experiment showed théte widget shown ifrigure4, which was a twestage model and also clarified thet&rs direction as
fiNot helpfub to fiVery helpfub outperformed the one iRigure 3 by a factor of 2.2, i.e., the response rate wastih@s
higher.
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http://office.microsoft.com/

How helpful was this information?
Chck a star,

Not v\ Very
hepfd XX % N hebfu

[Click to rate: 3 out of 5 stars|

How helpful was this information?
Cick a star,

Not o Very
hepfd A AW paasg

Why did you rate the information this way?

Submit

Figure 4: A two-stage model widget

Even goal #1 was somewhat of a disappointment as most people chose the extremes (one or five stars). When faced with &
problem for which you need help, the article either helps you solve the probledoesinot!

The team finally settled on a yes/nall o rkdotv option, which had a slightly lower response rate than just yes/no, but the
additional information was considered useful.

2.3 MSN Home PageAds

A critical question that many site owners face is lmany ads to place. In the shtetm, increasing the reaktate given to

ads can increase revenue, but what will it do to the user experience, especially if thesetamgetemhads? The tradeoff
between increased revenue and the degradation ohthe e er experience is a tough one
guestion that the MSN home page team at Microsoft fackde 2007.

The MSN homepage is built out omodules. The Shopping module is shown on the right side of the page above the fold.
The proposal was to add three offers right belovast,shown inFigure 5, which meant tht these offersvould show up

below the fold for most usersThe Display Ads marketing team estimated they could generate tens of thousands of dollars
per day from these additional offers.

Theinteresting challenge here is how to compare the ad revenue withstieexperience 0ln Section3.1, we refer to this
problem as the OEC, or the Overall Evaluation Criteribnthis case, we decided to see if page views and clicks decreased,
and assign a monetary valuedach. (No statistically significant change was seen in visit frequency for this experiment.)
Page views of the MSN home page have an assigned value based on ads; clicks to destinatibadtfsdrhome page
were estimated in two ways:

1. Monetary value tht the destination property assigned to a click from the MSN home pBlgese destination
properties are other sites in the MSN netwoBucha click generates a visit 8an MSNproperty (e.g., MSN Autos
or MSN Money), which results in multiple page visw

2. The cost paid to search engines for a click that brings a userMSal propertybut not via the MSN home page
(Search Engine Marketing). If the home page is driving less traffic to the properties, what is theemsterhting
the flosto traffic?

As expected, the number from #2 (SEM) was higher, as additional value beyond direct monetization is assigned to a click
that may represent a new user, but the numbers were close enough to get agreement on the monetization value to use.
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Shopping Shopping

* Lancome: Free deluxe compact w/ purchase * Lancome: Free deluxe compact w/ purchase
* Special promotions at your favorite stores * Special promotions at your favorite stores

* Warm fall fashion styles are here * Warm fall fashion styles are here

* Save on top brand digital cameras * Save on top brand digital cameras

* Free shipping on furniture for every room * Free shipping on furniture for every room
Advertisements Advertisements

A smart way to buy a diamond A smart way to buy a diamond

#=70% | + Wal-Mart: Back-to-school FZ55%% | + Wal-Mart: Back-to-school

* QOur editor picks budget electronics
* Qur editor picks budget electronics 5 i e

* Get fit & save money: Sports sale

* Get fit & save money: Sports sale

Search GM Certified

2162 With our 117-Point Inspection
Certified GM Certified means no worries

USED VEHICLES

Online University

Earn degree from a top school
100% Online. Get Free Info

$200k Loan, Get Low Rates

2] Secure Financing and Increase
B Cash Flow. Click Here Now

Figure 5: MSN Home Page Proposal.Left: Control, Right: proposed Treatment

A controlled experiment was run on 5% of the MSN US home page users for 12 days. Clickthrough rate decreased by 0.49%
(relative change), and the result was higthtistically significant (pralue of < 0.0001). Page views per uday decreased
0.35%, again a result that was highly statistically significant.

Translating the lost clicks to their monetary value, it was higher than the expected ad revenue, amftadiag more ads
to the MSN home page was scrapped.

2.4 Behavior-BasedSearch at Amazon
Theexamplesabove changed Usénterface (Ul) elements. This example deals with a backend algorithmic change, which is
often overlooked as an area to apply corgibkxperiments.

Back in 2004whenseveral of the authors were in thatBMining andPersonalizatiordepartmenat Amazon, there already

existed agood algorithm for making recommendations based on two sets. The signature feature for Gmazon
recommendabn is fiPeople who bought item X bought itemoYhut this was generalized f#eople whovieweditem X

bought item ¥ and fiPeople who viewed item Xieweditem Y.0 A proposal was made to use the same algorithm for
fiPeople whasearchedfor X bought item Yo We called it BehavieBased Search (BBS)In fact, the idea was to surface

this in search results with no visible changes to the user interface. If seaseinedor a string that was common, and there

was a strong signal that people who searchethfd string boughtne of several items, these items would surface at the top

of the search results. Note that this algorithm has no semantic understanding of the searched phrase, which was its strengt
and weakness.

Proponents of the algorithm gasgamples of underspecified searches, sud24 which most humans associated with the

TV show starringKiefer Sutherland Amazor@s search was returnimgpor results,shown inFigure6, such as CDs with 24

Italian Songs, clothing for £month old toddlers, a 2ihch towel bar, etc. (These results are still visible on Amazon today if
you add an advanced search qualifier IikBoo to the search phrase since this makes the search phrase unique and no
mappings will exisfrom people who searched for it to products.The behaviorbasedsearch (BBShlgorithm gave top

notch reslts with the DVDs of the show and with related booles,, ithings that people purchased after searching2iy

as shown irFigure 6. Theweakness of the algorithm was tisatme items surfaced thdid not contain thevords in the

search phrase. For example, if one searche§Sony HD DVD Playeb (this example is recent as of January 2008),
Toshiba HD DVDs will show up fairly high. The reason is tBahy makes BkRayDVD players, not HD players, and that
many ugrs who search for Sony HD DVD players end up purchasing a Toshiba player. Given the pros and cons for the idea
of BehaviorBased search, Amazon ran a controlled experiment.
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"24 -foo"

Showing Top Results | Page: 1 2 3 | Next=

s m"'_":"" 24 Italian Songs and Arias - Medium High Voice (Book/CD): Medium High Voice -

Book/CD by Hal Leonard Corp. (Paperback - Sep 1, 1992)
Buy new: $44-95 $10.17 29 Used & new from $9.53

Books: See all 492,874 items

2 striped stretchie by The Children's Place
Buy new: $8.33

Apparel: See all 34,532 items

E KOHLER Forté® Traditional 24-Inch Towel Bar, Polished Chrome #K-11271-CP by

Kohler
“  Buy new: $56-26 $44.96 2 Used & new from $44.00

Home & Garden: See all 404,326 items

4 o= -zzem=s:  Death and Transfiguration, Tone Poem for Large Orchestra, Op. 24 by Richard

“  Strauss (Music Download)

m Download MP3 Song: $0.89
—

MP3 Downloads: See all 8,055 items

E Canon PIXMA iP2000 Photo Printer by Canon

| 7 Used & new from $274.00

A
| Ry
Electronics: See all 11,570 items

Get it by Tuesday, Oct 9 if you order in the next 24 hours and choose one-day shipping.

Get it by Tuesday, Oct 9 if you order in the next 23 hours and choose one-day shipping.

npqm

Related Searches: 24 season 6, lost, prison break.

Showing Top Results |Page: 1 2 3 | Nexts
Explore our selection of Fox Television's 24 at Amazon.com'’s DVD store

24 - Season Six by Kiefer Sutherland, Carlos Bernard, Dennis Haysbert, and Elisha
Cuthbert (DVD - Dec 4, 2007)

Buy new: §53:38 $38.99

Available for Pre-order. This item will be released on Dec 4, 2007.

it

Also Available For Download From Amazon Unbex

DVD: See all 430 items

24 - Season Five by Kiefer Sutherland, Mary Lynn Rajskub, Kim Raver, and Jean Smart
(DVD - Dec 5, 2006)

Buy new: $59:98 $41.49 93 Used & new from $21.02
Get it by Tuesday, Oct 9 if you order in the next 24 hours and choose one-day shipping.
efesiedes

vailable For Download From Amazon Unbex

DVD: See all 430 items

24 - Season One by Kiefer Sutherland and Dennis Haysbert (DVD - Sep 17, 2002)
Buy new: $59:98 $29.99 176 Used & new from $11.80

Get it by Tuesday, Oct 9 if you order in the next 25 hours and choose one-day shipping.
efesiedes

Also Available For Download From Amazen Unbex

DVD: See all 430 items

24 - Season Three by Kiefer Sutherland, Carlos Bernard, Reiko Aylesworth, and Dennis
Haysbert (DVD - Dec 7, 2004)

Buy new: 36338 $48.99 113 Used & new from $20.00

Get it by Tuesday, Oct 9 if you arder in the next 25 hours and chasse one-day shipping.

Fricdoiod

Also Available For Download From Amazon Unbex

DVD: See all 430 items

24 - Season Two by Kiefer Sutherland, Carlos Bernard, Reiko Aylesworth, and Sarah
Wynter (DVD - Sep 9, 2003}

Figure 6: Amazon search for "24" with and without BBS

In a UW iEdge Seminar talk by Amazon in April 2006, it was disclosed thdtthea t ur e | n c s revansieeby 3% ma z 0 |
which translates into several hundreds of millions of dollars.

2.5 Other Examples

While these are extreme examples that are surprising in the magnittigeddference,they show how hard it is to predict
the success of new designsSeveral more examples can be found in the emetrics talk on controlled expe(ikurasi,

2007)

Greatexamplesof experimentsare available aMarketing Experiments journgMcGlaughlin, et al., 2006)Design Choices
Can Cripple a Wbsite(Usborne, 2005)Call to Acton (Eisenberg, et al., 2005and Which Sells BegEisenberg, Bryan;

Garcia, Anthony;, 2006) Forresteros

positive ROI

RChatimaer et ab.,n2004erBonsTaefewt goad gexamples of

1 Marriott realized an additional $30 million in bookings with a new online reservations form

1 Luxury accessories retailer Coach improved the effectiveness of its site's search engin@ 280%aving its
vendorprove that a new search engine would produce more effective results with an A/B test.

9 Disk-drive maker lomega needed to know whether its prospects favored limited freeware or trial versions of full
software products, and which email landing pages wouldyo® the best conversion rate. Their solution? To
structure an experimental design to test the various permutdtiotigt ultimately drove up campaign yield by

50%.

Jared Spoo(Spool, 2004)guantifies the cost of frustraticst Amtrak.con@s web site, by noting that it is very difficult to
register and that only one out of every four attempts succeeds. Obviously making the site more usable will not increase
registrations by a factor of three or four, but if registrationseimeed by 20%, he shows that revenues would increase by over

$15M/year, enough to get somedmattention.

A/B test at InterContinental Hotels led the firm to add the range of available rates to search results, which ad&&0845M

of increased bookingdanning, et al., 2006)

I'n shop. combs T hForreSter Researchp 200%Reeatitlzois wiote that in their survefy137 US retailers
"100% of the retail eingant A/Btesting of pflers gnd promotores bankl thede yactits aseffective

or very effective. 0

Forrestero6s Web Anal y(Burns, 200&QvatenttchiA/B gestifigrwél sed she ghdst7percentage of
largeincreases [of web analytics categories]. A/B testing was one of only two categlogiegter is SEQO/SEM] in their
survey that saw an increasethe percentage of respondents planning major budget growth
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3. CONTROLLED EXPERIMENTS
Enlightened trial and eor outperforns
the planning of flawless execution
& David Kelly, founder of Ideo

To have a great idea, have a lot of them
0 Thomas A. Edison

In the simplest controlled experiment, often referred to as an A/B test, users are randmrabdeo one dfvo variants:
Control (A), or Treatment (B) as shown Figure7 (Mason, et al., 1989; Box, et al., 200%gpel, et al., 1992)

The key her eUsarsscaniiot rerdidtoboigda ny ol d  (Weissg 1897)wa fadiorcaninfluence the
decision. Based on observations collected, an Overall Evaluation Criterion (OEC) is derived femdanoh(Roy, 2001)

For example, in Checkout Example (Sectihd), the OEC can be the conversion rate, units purchased, revenue, profit,
expected lifetime value, aome weighted combination of these. Analysis is then ttodetermine if the difference the
OEC for the variarstis statistically significant.

If the experiment was designed and executed properly, the only thing consistently different between the two variants is the
change between the Control and Treatment, so any differences in the Olr@vitably the result of this aggmment,
establishing causalitf¥Veiss, 1997 p. 215)

There are several primers on running controlled experiments on th@Petdoson, 2004 pp. 7G8; Eisenberg, et al., 2005
pp. 283286; Chatham, et al., 2004; Eisenberg,@®5; Eisenberg, 2004; QuartevonTivadar, 2006; Miller, 2007; Miller,
2006)

(Kaushik, 2006; Peterson, 2005 pp. 288; Tyler, et al., 2006 pp. 24A1L9; Sterne, 2Mpp. 116119)

While the concepis easy to understand and baisieas echo through many references, there are important lessons that we
share her¢hat arerarely discussed. These will help experimenters understand the applicability, limitatidigvato avoid
mistakes that invalidate the results.

Figure 7: High-level flow for an A/B test
3.1 Terminology

Theterminology for controlled experiments varies widely in the literature. Below weedkéiyterms used in this paper and
notealternativetermsthat are commonly used

Overall Evaluation Criteri on (OEC) (Roy, 2001) A quantitative measureft he exper i ment 6s obj ect i
often called theResponseor Dependent Variable (Mason, et al., 1989; Box, et al., 200%ther synonyms include
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