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American dections are conducted using a hodge- podge of different vating technologies:
paper balots, lever machines, punch cards, opticaly scanned balots, and electronic
machines. And the technologies we use change frequently. Over the last two decades,
counties have moved away from paper ballots and lever machines and toward opticaly
scanned ballots and e ectronic machines. The changes have not occurred from a
concerted initiative, but from locd experimentation. Some loca governments have even
opted to go back to the older methods of paper and levers.

Thelack of uniform voting technologies in the USisin many ways frugtrating and
confusng. But to engineers and socid scientids, thisis an opportunity. The wide range
of different voting machinery employed in the US adlows us to gauge the rdiability of
exiging voting technologies. In this report, we examine the rdative reigbility of

different machines by examining how changes in technologies within localities over time
explain changesin the incidence of balots that are spoiled, uncounted, or unmarked — or
inthelingo of the day the incidence of “over” and “under votes™ If existing technology
does not affect the ability or willingness of voters to register preferences, then incidence
of over and under votes will be unrdated to what sort of machine is used in a county.

We have collected data on € ection returns and machine types from gpproximately two-
thirds of the 3,155 countiesin the United States over four presidentid dections, 1988,
1992, 1996, and 2000. The substantid variation in machine types, the large number of
observations, and our focus on presidentid dections alows usto hold constant many
factors that might also affect eection returns.

The centrd finding of thisinvestigation is that manually counted paper ballots have the
lowest average incidence of spoiled, uncounted, and unmarked ballots, followed closdly
by lever machines and opticaly scanned bdlots. Punchcard methods and systems using
direct recording eectronic devices (DRES) had sgnificantly higher average rates of
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spoiled, uncounted, and unmarked ballots than any of the other systems. The difference
in reliabilities between the best and worst systemsiis gpproximeately 1.5 percent of al
ballots cast.

We do not attempt to isolate, in this report, the reasons for differentia reliability rates,
though we offer some observations on this matter in the conclusons. Our am is
measurement of the first order effects of machine types on the incidence of votes
counted. Thisis, to our knowledge, the first attempt to assess reliahilities of vating
technologies as they are usad in the field nation wide.

Machine Types and their Usage

We contrast the performance of five main classes of technologies used in the US today.
The technologies differ according to the way votes are cast and counted.

The oldest technology is the paper ballot. To cast avote, a person makes amark next to
the name of the preferred candidates or referendum options and, then, putsthe balot in a
box.® Paper ballots are counted manually. Paper ballots enjoyed a near universal status
in the USin the 19" Century; they remain widely used today in rura aress.

At the end of the 19" Century, mechanica lever machines were introduced in New Y ork
gtate, and by 1930 every mgor metropolitan area had adopted lever machinery. The
lever machine conssts of astedd booth that the voter stepsinto. A card in the booth lists
the names of the candidates, parties, or referenda options, and below each optionisa
switch. Votersflick the switch of their preferred options for each office or referendum.
When they wish to make no further changes, they pull alarge lever, which registersther
votes on a counter located on the back of the machine. At the end of the voting day, the
election precinct workers record the tallies from each of the machines. Lever machines
automate both the casting of votes and the counting of votes through mechanica devices.

Punch card machines automated the counting process using the computer technology of
the 1960s. Upon entering the polling place the voter is given a paper bdlot in the form of
along piece of heavy stock paper. The paper has columns of small, perforated rectangles
(or chads). There are two variants of the punch card — one, the DataV ote, lists the names
of the candidates on the card; the other (VVotoMatic) does not. In the booth (for
VotoMatics), the voter inserts the card into adot and opens abooklet thet lists the
candidates for agiven office. The voter usesametd punch to punch out the rectangle
beside the candidate of choice. The voter then turns the page, which lists the options for
the next office and shifts the card to the next column of rectangles. When finished, the
voter removes the card and puts it in the ballot box. At the end of the day, the eection
workers put the cards into a sorter that counts the number of perforations next to each
candidate.

3 How we mark ballots has changed over time. In the middle of the 20" Century, many states required that
the voter cross-out the options not chosen. See for example, The Book of the States, 1948.



Opticaly scanned ballots, dso known as“marksense’ or “bubble’ balots, offer another
method for automating the counting of paper balots. The form of the optically scanned
balot isfamiliar to anyone who has taken a standardized test.  The voter is given a paper
ballot that lists the names of the candidates and the options for referenda, and next to
each choiceis smdl circle or an arrow with a gap between the fletching and the point.
The voter darkensin the bubble next to the preferred option for each office or
referendum, or draws a straight line connected the two parts of the arrow. The balot is
placed in abox, and, a the end of the day, counted using an optical scanner. Some
versons of this technology alow the voter to scan the ballot &t the polling place to make
sure that he or she voted as intended.

Direct recording eectronic devices, DREs for short, are eectronic versons of the lever
machines. In appearance, they resemble ATM machines. Most use touch sendtive
screens. Upon entering the booth, the voter touches the name on the screen to register his
or her preference and, typicaly, the voter may review the entire sesson (or balot) to
check thevote. Like lever machinesit is not possible to vote twice for the same office.
The computer talies the votes and sends them to a central location.

Each type of technology involves many variations based on specifications of
manufacturers, balot formats, and implementation. Our focus is on the five main types
of machines, as we hope to learn which mode of voting looks most promising. In amost
al gates county dection officials decide which machinery to use, so counties are, dmost
everywhere, the gppropriate unit of analysis. Some counties do not have uniform voting
technologies. In these, municipdities and sometimes individud precincts use different
methods. These counties are called Mixed Sysems. They occur most commonly
Massachusetts, Michigan, Maine, New Hampshire, and Vermont, where town
governments usualy administer eections.

We examine the variation in usage across counties and over time. Our data on voting
equipment come from the Election Data Services and from state and county eection
officids. We arein the process of reconstructing which towns used which machine types
in mixed-System counties.

The data do not distinguish centrally counted and precinct counting of balots. Some
dates provide information about which adminigrative units count the balots for some
machine types. Precinct and central counting of optically scanned ballots became quite
controversid in the FHorida 2000 eection.

Table 1 displays the wide variation in machines used in the 2000 dection. Thelast
column reports the percent of the population covered by each type of technology in the
2000 eection. Onein five voters use the “old” technologies of paper and levers— 1.3
percent paper and 17.8 percent levers. Onein three voters use punch cards— 31 percent
of the VotoMatic variety and 3.5 percent of the DataV ote variety. Over onein four use
optically scanned balots. Onein ten use eectronic devices. The remaining 8 percent use
mixed sysems.



Asimpressive and dramatic have been the changes in technology over time. Thethird
column reports the percent of the 2000 e ectorate that would have used each machine
type had the counties kept the technologies they used in 1980. The data are pretty clear:
out with the old and in with the new. Opticaly scanned balots and DRES have grown
from a combined 3.2 percent of the population covered to 38.2 percent of the population
covered. There has been little change in the mixed and punch card systems. Paper
bdlots have fdlen from 9.7 percent of al peoplein 1980 to just 1.3 percent in 2000.
Lever machines, by far the dominant mode of voting in 1980, covered 43.9 percent of the
electorate. Today, only 17.8 percent of people reside in counties using lever machines.

A somewhat different distribution of voting technology across counties holds, owing to
the very different population Szes of counties. Punch cards and dectronic devices tend
to be used in more popul ous counties, and paper ballots tend to be used in counties with
smdler populations.

Tablel

Usage of Voting Equipment in the 1980 and 2000 Elections

Percent of Counties Percent of 2000 Population
Usng Technology Covered by Technology
1980 2000 1980 2000
Paper Bdlots 40.4 125 9.8 13
Lever Machines 36.4 14.7 43.9 17.8
Punch Card
“VotoMatic’ 17.0 175 30.0 30.9
“DataVote”’ 2.1 1.7 2.7 35
Opticaly scanned 0.8 40.2 9.8 275
Electronic (DRE) 0.2 8.9 2.3 10.7
Mixed 3.0 4.4 104 8.1

The shift in technology deserves some comment. The impetus comesin no smdl part
from technologica changes throughout the society.  Punch card, opticaly scanned, and
electronic methods dl involve computer technology, and these modes now dominate
voting. Election officids dso benefit from automating the voting, especidly the counting
process, in order to reduce costs and speed up reporting. To the extent that there has been
a concerted effort to improve voting equipment in the United States it has come from an
initiative begun in the early 1970s to use computersin voting. An influentia 1975 report
sponsored by the Generd Accounting Office and subsequent reports by the Federa
Elections Commission laid the foundation for methods of certification and served asa
focal point for the organization of eection directors. These reports caled for increased
computerization of voting equipment and systems, among other recommendations.



Redsdud Votes A Yadgick for Rdiahility

Our measure of reliability isthe fraction of total balots cast for which no presidentid
preference was counted. We cdl thisthe “resdud vote.”

A ballot may show no presidentia vote for one of three reasons. Voters may choose
more than one candidate — commonly caled an over vote or spoiled balot. They may
mark their balot in away that is uncountable. Or, they may have no preference. The
latter two possibilities produce under votes or blank ballots. The resdua voteisnot a
pure measure of voter error or of machine failure, asit reflects to some extent no
preference.  Consequently we prefer the term residua vote instead of error rate or
uncounted vote,

Theresdua vote does provide an gppropriate yardstick for the comparison of machine
types, even though it is not purely ameasure of machine error or voting mistakes. If
voting equipment has no effect on the ability of votersto express their preferences, then
the resdud vote should be unrdated to machine types. To measure such effects, we
estimate the average residual vote associated with each machine type, and we assess
whether these averages differ significant across machinetype. Averaging guards against
idiosyncratic results, and measures what we expect to happen in atypical case

In our data, the resdua vote in the average county equaled 2.6 percent. In other words,
inthetypical US county from 1988 to 2000 2.6 percent of ballots casts did not register a
presidentid preference, for whatever reason. Because county populationsvary
dramaticaly, this does not equa the fraction of people who cast an under or over vote for
presdent in these years. Thisfigure is somewhat smdler: 2.1 percent of people who cast
ballots did not register a presidentia preference. There is consderable variation around
thisaverage. Our am in thisreport isto assess whether machine types explain a
datigticaly noticeable amount of the variation around this nationd average residud vote.

We examine the resdud vote instead of just the over vote because technology can enable
or interfere with voting in many ways.  Some technologies seem to be particularly prone
to over voting, such as the punch card systems implemented in Floridain the 2000
election. Lever machines and DRESs do not permit over voting voting.  Some
technologies may be prone to accidental under votes. Lever machines ether lock out a
second vote or register no vote when the person switches two levers for the same office.
Also, paper ballot are sometimes hard to count owing to the many ways that people mark
ther balots. Finaly, some technologies might intimidate or confuse voters. Many
Americans are unaccustomed to using an ATM or sSmilar eectronic devices with key
pads or touch screens, and as a result DREs might produce more under voting.  Also, it

* Some analyses focus on extreme cases— under and over votesin specific electionsin particular counties.
Indeed, much of the analysis of Floridafallsinto this category. Such case studies can be misleading,
especially if they reflect outcomes peculiar to alocale, or alocal machinefailure. Another advantage of
averaging isthat it washes out the effects of typographical errors, which areinevitable in data, even official
government reports.



may be the case that we react differently to paper than to machines. We aretrained in
school to answer dl of the questions as best as possible, especidly on standardized tests
sgmilar to the format used for optically scanned voting.  Improper ingtalation or wear
and tear on machines may lead to high rates of under voting. In Hawaii in 1998, 7 of the
361 optical scannersfailed to operate properly.

In depth study of particular states and of contested eections may provide ingght into the
components of the resdud vote or more specific problems related to voting equipment.
A number of papers published on the internet examine the effects of machine types on
over votes and on under votes separately for the Florida 2000 election.®

One important caveet isin order inthisandyss. There are errors that we cannot count.
Thereis no way to measure whether voters accidentally cast ballots for the wrong
candidate. And, we know of no statitically acceptable measures of fraud. Residud
votes provide the best available measure of the extent to which technology enables or
interferes with the ability of votersto expresstheir preferences.

Many other factors may explain under and over voting beside machine types. Other
prominent offices on the balot, such as senator or governor, might attract people to the
pollswho have no intention to vote for presdent. A large turnout might make it difficult
for eection adminigtrators to tend to voter education at the polls. Demographic
characterigtics of the county’ s electorate might explain the incidence of people prone to
make mistakes. The wedlth of the county might account for expenditures on eection
adminigration. New machinery might produce eevated levels of voter confusion, smply
because people make mistakes more with unfamiliar tasks.

We examine county-level eection returns for President and total ballots cast in the 1988,
1992, 1996, and 2000 elections. The data cover gpproximately 2200 counties, though not
for dl years. Aswith the voting equipment data, our data on elections returns come
primarily from the Election Data Services, though some come from the relevant eection
commissions of particular sates. The large number of observations produces high levels

of precison in estimating average resdud vote rates associated with each machine type.
Studies of one eection in one state may not have yidd sufficiently large samplesto
determine whether there are Sgnificant differences across voting equipment.

We examine the presidentia vote in order to hold constant the choices voters face.
Within each state one might also examine residua votes in Senate and governor races,
with the cavest that these offices have higher “no preference’ and thus higher resdud
votes.

® See Eric Rasmusen’ s web page ( http://Php.indiana edu/~erasmuse/el ections/rasmusen.htm) for one
particular analysis and links to many others. The site http://www.bestbookmarks.com/election/#links isa
list of many studies with links.




To hold congtant the many factors that operate at the county level, we exploit the natura
experiment that occurs when locales change machinery. We measure how much change
in the resdua vote occurs when a county changes from one technology to another. The
average of such changes for each technology type provides afairly accurate estimate of
the effect of the technology on residud voting, because the many other factors operating
at the county level (such as demographic characteristics) change relaively dowly over
the brief time span of this studly.

To guard againgt other confounding factors, we also control for contemporaneous Senate
and gubernatoria races on the ballot, total turnout, and year of the eection.

Reaults

A smple table captures the principle results of thisinvestigation. Table 2 presentsthe
average resdud vote rate for each type of voting equipment. Thefirst column of
numbersis the average; the second column isthe margin of error associated with this
edimate; the third column is the median resdud vote rate; and the find columnisthe
number of observations (counties and years) on which the estimate is based. The average
isthe arithmetic mean resdua vote across counties. The median isthe resdua vote such
that haf of al counties have lower vaues and haf of dl counties have higher vaues. A
lower median than mean reflects skew in the distribution of the residud vote produced by
afew cases with exceptiondly high rates of under and over votes. These averages do not
control for other factors, but they reved a pattern that generdly holds up to statistical
scrutiny.

Two clugters of technologies appear in the means and medians. Peper bdlots, lever
machines, and opticaly scanned ballots have the lowest average and median resdud vote
rates. Indeed, lever machines appear to be the best, followed by paper, and then by
optically scanned balots. The average resdua voting rates of these technologies are
sgnificantly lower than the average residua voting rates of punch card and dectronic
voting equipment. The differences among punch card methods and eectronic voting
equipment are not satigticaly sgnificant. Punch cards and dectronic machines register
resdua voting rates for president of approximately 3 percent of al balots cast. Paper
ballots, lever machines, and opticaly scanned balots produce resdud voting rates of
agoproximately 2 percent of dl balots cast, adatidticaly sgnificant difference of fully
one percent. Or to put the matter different, the resdud voting rate of punch card
methods and dectronic devicesis 50 percent higher than the resdud voting rate of
manually counted paper ballots, lever machines, and opticaly scanned bdlots. This
pattern implies that Smply changing voting equipment, without any additiond
improvements, could lower the incidence of under and over voting subgtantidly.



Table?2

Average Residud Vote By Machine Type
In US Counties, 1988-2000 Presdentia Elections

Resdud Vote
Machine Type Average Margin of Median N
Error (a)

Paper Ballot 2.0 +- 0.14 1.9 1,020
Lever Machine 16 +- 0.10 13 1,072
Punch Card

“VotoMatic’ 29 +- 0.09 2.5 1,462

“DataVote’ 3.2 +- 0.33 2.3 296
Opticaly scanned 2.3 +- 0.19 16 958
Electronic (DRE) 3.0 +- 0.17 31 294
Mixed 2.1 +- 0.23 1.7 322

(@) Thisisthe 95 percent confidence interval for the estimated effect; the half-width of the
confidence interval equas 1.96 sivn, where s is the estimated standard deviation of the
residual vote rate for each machine type.

Of course many other factors might explain the observed pattern, including festures of
the counties and specific eections. In order to hold these other factors constant we
performed a multiple regresson of changesin the resdud voting rate at the county leve
on changes in the machine used at the county level, controlling for the year of the
election, whether there was a switch in technology in a specific year in a given county,
and thetotal vote inthe county. This gpproach removes the effects of dl factors that
distinguish the counties, changes in turnout levels within counties, and some fegtures of
the dection in the State.

In essence, our Satistica approach isthat of a“naturd experiment.” We observe how
resdud votes change within counties for changes in machine technologies. The figures
in Table 1 suggest that there have been substantial and frequent changes in technology.
Between 1988 and 2000, over hdf of al counties changed their voting technology. The
effect of specific technologies on resdud votesis expressed rdative to a basdine
technology, and the observed effects contrast the change in resdud vote associated with
a specific technology compared to a basdine technology. We chose lever machines to
serve asthis basdline for the contrasts.  In other words, the statistical method used here
alows us to measure the extent to which a specific technology is an improvement
compared to lever machines.



Table 3 reports the observed difference between lever machines and other machine types,
aong with the “margin of error” (95 percent confidence interval) associated with the
observed differences. The complete regression andyses are available upon request.
Positive numbers mean that the technology in question has higher average resdud vote
than lever machines and negative numbers mean that the technology in question has

lower averageresdud vote than lever machines. The wider the margin of error, the less
certainty we have about the observed difference. A margin of error in excess of the
actud effect means that the observed effect could have arisen by chance.

Table 3 presents results from two separate andyses. One anadysis, presented in the first
two columns, contains dl valid cases. A second andysis, presented in the last two
columns, trims the data of extreme cases. To guard againgt outliers and typographica
errors, we omit the cases with lowest 5 percent of resdua vote and highest 5 percent of
resdud vote. We omit counties with Mixed Systems.

Table3

Which is Best?
Residud Vote Attributable to Machine Type Relative to Lever Machines
US Counties, 1988-2000 Presdentid Elections

All Counties Exduding Extremes
Machine Edtimated Margin of Edtimated Margin of
Contrast Difference Error () Difference Error
In% RV In% RV

Paper Bdlot

v. Levers -0.70 +- 0.53 -0.01 +- 0.30
Punch Card

“VotoMatic’

v. Levers 1.13 +- 0.52 0.83 +- 0.29
“DataVote”’

v. Levers 1.95 +- 0.80 1.35 +- 0.44
Opticaly scanned bdlots

v. Levers 0.20 +- 0.44 -0.01 +- 0.28
Electronic (DRE)

v. Levers 1.23 +- 0.39 0.94 +- 0.25

(a) Thisisthe 95 percent confidence interval for the estimated effect; the half-width of the
confidence interval equas 1.96 s'vn, where sis the estimated standard error of the
estimated coefficient for each machine type.



Table 3 bears out the same pattern as Table 2. After introducing considerable statistical
controls, two clusters of technologies appear in Table 3. Paper, Opticaly scanned
ballots, and Lever machines appear to perform noticesbly better than Punch Card
methods and Electronic devices. Paper might even be an improvement over Lever
Machines.

Firgt consder the contrast between Paper and Levers. The analysis encompassing all
counties produces an estimated effect of Paper Bdlots rlative to Lever Machines of -0.7.
Compared to Lever Machines, Paper Balots produce an improvement in the resdua vote
of 7-tenths of a percent of total ballots cast.  This effect is larger than the margin of error
of .53, so the effect is unlikely to have arisen by chance. Omitting extreme cases, the
evident advantage of Paper Ballots vanishes. The effect becomes Satisticdly

inggnificant and the magnitude istiny.

In both andyses, the difference between opticaly scanned balots and lever machinesis
quite smal and atidicdly inggnificant. Levers and paper and scanned ballots appear to
offer amilar rates of rdiability, a least asit is measured usng the residud vote.

Punch Card methods produced much higher rates of resdud voting.

Compared to Lever Machines, the VotoMatic variety of punch cards produced fully one-
percentage point higher resdud voterate.  In our examination of dl cases, the effect is
dightly above one-percentage point; excluding the extreme cases, the effect isdightly
below one-percentage point.

Compared to Lever Machines, the DataV ote variety of punch cards produced a nearly
two-percentage point higher resdua voterate.  Excluding the extreme cases, the effect is
1.35 percent of total balots cast. The DataV ote method seems to have the lowest
reliability of al methods contrasted. Thisis surprising because much of the controversy

in Florida focused on the VVotoMatics, and proponents of DataV ote have argued that that
method is superior.

Electronic Machines performed as badly as the Punch Cards. Compared to Lever
Machines, the Direct Recording Electronic devices produced a 1.23 percentage point
higher resdua voterate. In other words, a county that switches from Leversto DREs
can expect asgnificant risein resdua votes of gpproximately one and one-quarter
percent of total ballots cast. From our perspective this was the most surprising resullt,
because neither sort of machine permits over voting. This effect is entirely dueto a
ggnificant rise in under voting attributable to dectronic devices.

Condudions

Paper bdlots, lever machines, and opticaly scanned ballots produce improvements on the
order of one to two percent of al ballots cast over Punch Cards and Electronic methods.
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Lever Machines serve as auseful basdine they were the most commonly used machines
in the 1980s, the arting point of our andyss. The incidence of over and under votes
with Lever machinesis gpproximatdly two percent of al balots cast. The incidence of
such residud votes with Punch Card methods and Electronic devicesis forty to seventy
percent higher than the incidence of residua votes with the other technologies.

We have not andyzed why these differencesin resdud votes arise. We bdieve that they
reflect how people relae to the technologies, more than actud machine fallures. State
and federd voting machine certification tolerate very low machine falurerates no more
than 1 in 250,000 balots for federa certification and no more than 1 in 1,000,000 ballots
in some gtaes. Certification serves as an important screen: machines that produce
falure rates higher than these tolerance levels are not certified or used. We believe that
human factors drive much of the “error” in voting, because the observed differencesin
resdua voting rates that are attributable to machine types are on the order of 1 to 2 out of
100 bdlots cagt. Given the stringent testing standards for machinery in use, these
differences are unlikdly to arise from mechanica failures.

We have aso not examined many details about the implementation of the machinery,
such as manufacturer or precinct versus central counting of ballots or specific balot
layouts. Our dataare not sufficiently detailed to isolate these factors.

A find cavest to our findingsis that they reflect technologies currently in use.
Innovations may lead to improvements in rdiability rates. Thisis particularly likely for
electronic devices, which are the youngest voting technologies. We are not particularly
optimistic about punch card methods, which have high rates of under and over voting,
and have been widdy used since the 1970s.

In the wake of the 2000 eection, many state and loca governments are reconsidering

their choices of and standards for voting equipment. Many manufacturers are seeking to
develop or improve machinery. This report identifies a performance standard in practice
— an average residud vote not in excess of 2 percent of tota ballots cast. We aso wish to
cdl| atention to the excellent performance of the optically scanned bdlots, the best
performing of the newer methods, and especialy to the older methods of voting — lever
machines and paper balots.
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