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Summary of FindingsPRIVATE 


For over fifty years, the City of Cambridge has counted ballots in its municipal elections by hand. The proportional representation system used for city council and school board elections -- a system we call "choice voting" -- requires counting and transferring voters' ballots in a manner for which there was no known machine technology count when the system was adopted in Cambridge in 1941.


The following report indicates that Cambridge and other cities that adopt choice voting will never again be forced to count ballots by hand. A city may choose to conduct the count by hand, but with computer technology, our report conclusively demonstrates that it is entirely feasible and affordable to conduct a count by computer. Our program -- called PRMaster 1 -- produced final results using Cambridge's counting rules with 22,962 ballots from the 1991 city council election in two minutes on a personal home computer. The accuracy of the results are well within the margin of error created by the manual data entry process used for this study.


The City of Cambridge will need to weigh the value of maintaining a community tradition of hand-counting that is important to many people versus the delay and citizen misunderstanding of the process that comes with the hand-count. We believe the following factors should be considered in the City's decision on conversion to a computer count.


• Cost: The current hand-count involves costs to the taxpayer. Computerizing the


  count also would cost taxpayers, but after one-time acquisition of software and


  hardware, computerization undoubtably would save money. 


• New voting machines: Many localities around the country are considering or have


  already implemented upgrades of their voting machines to such systems as


  electronic voting booths and scanning systems. These mechanisms for voting


  would make computerization of the count particularly sensible because they would


  permit direct recording of data to be used by a computer program. Without further


  research, it is unclear whether other voting machines would allow the City to avoid


  having to input ballot data manually in order to use a computer program.


• Manual data entry: To save money, we did not seek to validate the data entry with


  a system of "reverse checking." There are errors in the manual data entry used in


  this trial, although we calculate total errors as likely less than 1%. Even though the


  data entry process could be improved, it still might cause some voter distrust that


  could be avoided by voting machines that would record data directly and thus


  eliminate the need to use manual entry.


• Recounts and filling of vacancies: Whatever savings that would come with a


  computerized count would be magnified by any situation that requires a re-count of


  ballots. For a contested result calling for a re-count or to fill a vacancy, the


  computer program could conduct a re-count within minutes, with no additional costs.


• More precise ballot transfers: An important finding of this report is that


  Cambridge voters should be confident that the current "random draw" rules of


  transferring surplus ballots from elected candidates are unlikely to affect the


  results. Nevertheless, given our civic traditions emphasizing the value of every vote,


  an argument can be made in favor of a more precise method of ballot transfer that


  would ensure that every voter's ballot is treated equally and that would remove any


  uncertainty about "randomness." Included is an analysis of a ballot count using this


  more precise method of transfers -- computer programs provide great flexibility for


  such refinements of the method of counting.


• Community traditions: Although the count can be conducted in under two minutes


  using computers, the program could be adapted to maintain the Cambridge tradition


  of studying and discussing each transfer of ballots in a public setting. The program


  could be written to stop after each count until activated to do the next count.


• Invalid ballots: New voting machines that directly record data from the voter could


  lessen the number of invalid ballots cast. Although the current percentage of invalid


  ballots is well under 2%, new voting machines could reduce this percentage to near


  zero. Even without new machines, a computer program could reduce invalid ballots


  by slightly modifying the rules to allow "x" voting, as described in the report -- a


  computer program can deal with the counting complexities that come with "x" votes


  (which are treated as tie votes) much more easily than is possible in a hand-count.


• Voter participation: It is not clear whether voter participation in Cambridge


  elections is affected by misunderstanding of the choice voting system --


  particularly because turnout is very high compared to most localities -- but it is


  possible that any such misunderstanding is magnified by the length of the count.


  Computerizing the count would produce results in a timely manner more in keeping


  with other elections in which Cambridge residents vote.


• Other localities' consideration of the choice voting system: As other


  localities often are wary of the prospect of organizing and running a hand-count,


  the successful example of a computerized count in Cambridge would increase


  prospects of other localities adopting choice voting. Such a trend could be good


  for Cambridge, both for strengthening its voters' confidence in the system and in


  removing whatever burden the city might have in using an "exotic" voting system.


I. Introduction
Choice Voting: Fairness and "Complexity"

The people of Cambridge are justifiably proud of their election system, which they generally refer to as "Proportional Representation." The method used to elect the Cambridge City Council and School Committee in fact is a form of proportional representation (PR), which in its various forms is by far the most widely used system of democratic elections in the world. The Cambridge method of PR is alternately known as: the Hare system (after its creator); single transferable vote (STV); preference voting; and choice voting (CV). The Center for Voting and Democracy has adopted the last term because it focuses on the role of the voter in the process rather than the method of tabulation.


With choice voting, voters have one vote, the power of which is maximized through ranking preferences. Choice voting consistently provides fair results -- a fairness derived from that fact that as many voters as mathematically possible will help elect a candidate without having any more voting power than other voters. Choice voting can be used in both partisan and non-partisan elections and does not require primaries.


To vote, voters simply rank candidates in order of preference, putting a "1" by their first choice, a "2" by their second choice and so on. Voters can rank as few or as many candidates as they wish, knowing that a lower choice will never count against the chances of a higher choice. To determine winners, the number of votes necessary for a candidate to earn office is established based on a simple formula using the numbers of seats and ballots: the most common formula is one vote more than 1/(# of seats + 1). In a race to elect three seats, the winning threshold would be one more than 25% of the total vote -- a total that would be mathematically impossible for four candidates to reach.


After counting first choices, candidates with the winning threshold are elected. To avoid wasting votes, "surplus" ballots beyond the threshold are transferred to the remaining candidates according to voters' preferences (in the most precise method, every ballot is transferred at a reduced value). When no candidate wins, the candidate with the fewest votes is eliminated, and all his/her ballots are distributed among remaining candidates according to voters' preferences listed on ballots. This process continues until all seats are filled.


Cambridge is the only city in the U.S. to elect its city government by choice voting, although this was not always the case. For most of this century, the National Civic League (formerly the National Municipal League) recommended choice voting in its model city charter; cities that used choice voting this century include New York (1937-1947), Cincinnati (1925-1957), Cleveland, Sacramento (Calif.), Boulder, (Col.) and six other Massachusetts cities.


A product of city reformers, choice voting often faced the hostility of those opposed to reform. One form of attack for those opposed to reform was to focus the majority's attention on how the system might facilitate the election of a feared minority -- African-American candidates being a typical target. The other primary attack against choice voting was its alleged complexity, which received apparent confirmation because of the lengthy process of tabulating the results in hand-counts. As the National Civic League's Model Charter reports, "Unquestionably, it can be shown that PR [i.e., PrV] can provide the greatest equity in representing all sectors of the community. However, the complexity of PR and the long and expensive counting system confused the voters where it was used and prevented it from becoming a widespread reform measure."


The hand-count that Cambridge has turned into a traditional municipal celebration was not so well received elsewhere. The city of Worcester is an example of many cities that abandoned choice voting because of the counting process; the system worked quite well in a series of city council elections in the 1950s, but was repealed in large part because Worcester took even longer than Cambridge to complete the count -- it used a different method of distributing surplus ballots from winning candidates, as detailed in Section VI.


In the United States today, choice voting is used to elect thirty-two Community School Boards in New York City, as well as some private association and university elections. Around the world, Ireland uses PrV for all its elections, including those for its national legislature. The Australian Senate is elected by PrV, as is the legislature of Malta.

The Center for Voting and Democracy

The Center for Voting and Democracy is a 501(c)(3) educational organization which researches and distributes information on voting systems that promote voter participation and fair representation -- primarily proportional systems like choice voting. The Center is non-partisan and governed by a Board of Directors that includes Cincinnati mayor Roxanne Qualls, National Civic Review editor David Lampe and Howie Fain of the Fair Ballot Alliance of Massachusetts. The Center's mission is founded on the belief that implementing proportional voting systems at all levels of government would restore vitality to our democracy, ensure fairer representation of our society's diversity in elected bodies and assist local, state and national governments in their efforts toward solving the complex and contentious issues facing our nation.


We undertook this project with the awareness that our findings could have an historic impact on how seriously American local and state governments consider choice voting as a method of election. No government in the United States or abroad currently uses computers to conduct their choice voting elections, although New York City explored use of computers in a limited fashion for its Community School Board elections in 1993. We know of a few instances of computerization in non-governmental elections, such as to elect the faculty senate at Miami University in Ohio and many organizations' Board elections in Great Britain. In these cases, advocates on the scene developed programs for their elections. 


When Jim Lindsay of California, chair of The Center's Technology Committee, first ran PRMaster 1 -- the program he had written -- with data from 22,962 ballots from the 1991 Cambridge city council elections, it became, to our knowledge, the largest choice vote tabulation ever done on a computer, and the only one to compare the computer results to those from an actual governmental election.


The results and analysis of this successful trial run follow.


II. Manual Data Entry

Information from the 1991 ballots were entered onto computer by Trade Quotes, an EDP firm in Cambridge, using a method detailed in the Appendix in which each candidate was assigned a number. Data entry was performed from ballots that had been sorted by precinct by hand by volunteers. To keep costs down in this study, the input of the data was "key only" rather than "key and verify;" the latter method would have nearly doubled the price of data entry. For "key only" entry, Trade Quotes charged $3,211.72.


Despite the low level of error in the inputting by Trade Quotes, this error rate would be unacceptable for actual elections. For elections, we would recommend using more sophisticated voting equipment like Electronic Voting Booths that record data directly, as discussed in Section VII. If this equipment were not obtained and manual entry thus still required, we would recommend using a "key and verify" method. The fact that the "key only" data entry had such a low error rate points to the fact that "key and verify" methods could be instituted with great confidence about accuracy.


Because of errors in the manual data entry and possibly the precinct sorting, there are slight variations between the Cambridge hand-count and the computer program when run using existing Cambridge rules and the 1991 official precinct draw. That the differences are due to human error in the data entry rather than in the program is shown by the minimal variation that occurred when the election was run with different precinct draws and with the mathematical method that eliminates randomness in surplus distribution altogether. Also, errors in the Cambridge hand-count, despite its thoroughness, cannot be ruled out altogether.

Measuring accuracy

We analyzed the ballots for accuracy in three main ways, which are reported in full in the Appendix. Our tests were to:


• Compare precinct vote totals: Deviations in precinct vote totals were no more than


  eight; overall, our test was run with nine fewer ballots than the official count.


• Compare #1 vote totals for each candidate, by precinct: Deviations were no more


  than eight ballots and most often less than three.


• Cross-check 300 ballots, stratified by precinct in the proportion to the total votes


  cast in each precinct: As eight total errors were found -- including errors near the


  bottom of a voter's list that likely had no effect on the result -- the number of


  ballots with defective errors was estimated to be less than 1%.

Again, even this low rate of error with "key only" data entry would be unacceptable for a real election, as this could translate into errors on more than 200 ballots.


III. Cambridge Rules

After being adapted to Cambridge's rules for counting, PRMaster was run on the ballots from the 1991 election using the official precinct draw for that election. The most important rules and procedures for the Cambridge rules are described below. Each is relevant to an aspect of the programming or as a basis for understanding variations in the process.


1. The candidates' names are listed in alphabetical order on the ballot, with the top names being rotated, so that each of the nineteen names appears an equal number of times at the top of the list. The mix of top names is even both within each precinct and across the city. Although it does not figure into this analysis, the data (which accompanies the report on computer disk) includes the top name for each ballot entered, so that interested parties may research the effect, if any, of ballot placement.


2. The city conducts a random draw of precincts, to determine the order for counting. The official 1991 draw appears in the Appendix.


3. The winning threshold for election -- called the "quota" in Cambridge -- is determined based on the total number of valid ballots, and the number of seats to be filled. Cambridge uses the "Droop" threshold (as have all U.S. jurisdictions), which is defined as the fewest number of votes that can be obtained only by as many candidates as seats to be filled. In mathematical terms, it is defined as:


Number of Votes   + 1    =  Winning Threshold


  (Seats + 1)

In the 1991 election, there were 22,972 total valid ballots, which, when divided by 10 (nine seats plus one), equals 2,297 (disregarding fractions). Adding one to this total, the winning threshold is 2,298. When nine candidates win 2,298 votes, a tenth candidate can get no more than 2,290 ballots -- which is not enough votes to equal the winning candidates.


PR Master can run based on whatever threshold formula is chosen.


4. In the first count, ballots are sorted by the first choice listed. First choice ballots for each candidate are consecutively numbered, starting with number one. This numbering follows the precinct order for the ballot count. Candidates reaching the winning threshold of votes are declared elected.


5. The second count distributes surplus ballots if any candidate clears the threshold -- the number of ballots transferred equals the number of first choice ballots above the winning threshold. In 1991, two candidates did so. The first distribution is of the surplus ballots of the candidate with the higher total of first place ballots; in 1991, this candidate was Alice Wolf. The third count in 1991 was the distribution of surplus ballots from Walter Sullivan, the other candidate to win on first choice votes alone. 


6. To distribute surplus ballots, a formula is used to determine which ballots are transferred. In the 1991 election, Wolf's 4131 total was divided by 1,833 (the amount by which she surpassed the threshold) and rounded off to the nearest whole number -- in this case, down to two. Every second ballot cast for Wolf, starting with the ballot numbered 2, was then considered surplus and transferred to the second choice listed on the ballot. The process continued until 1,833 ballots had been transferred to second choices.


With Walter Sullivan's 180 surplus votes, the interval was determined to be fourteen    -- dividing 2,478 by 180 and rounding up to the next whole number -- meaning that every fourteenth ballot was removed as surplus. That meant that after going through all 2,478 ballots, removing every fourteenth one, not enough ballots had been designated as surplus. So, it was back to the beginning of the consecutively numbered Sullivan ballots, starting at number 15 and proceeding with every fourteenth ballot from that number until 180 ballots had been transferred to next choices.


7. Any ballot designated as surplus, but found to list only one candidate, must remain with that candidate. A substitute therefore is made by continuing the same interval count from where it had been left off. All surplus ballots are credited to the vote total of the candidate who receives them. Any ballot in any count subsequent to surplus distribution, which lists no other choices that can receive the ballot, is considered "exhausted", and plays no further role in the calculations. 



8. Other candidates are elected based on transfers that are added to their total. In the 1991 hand-count, Francis Duehay reached the threshold based on transfers from Alice Wolf's surplus. After the first count, he was 357 votes shy of the threshold. The hand-count showed him receiving 357 from Wolf in the second count, and being elected. 


Duehay likely was listed as the second choice on more than 357 of Wolf's surplus ballots. However, after a candidate obtains the winning threshold in a given count, remaining ballots for that candidate are simply diverted to the next highest choice listed on the ballot. The same principle applies to any transfers in subsequent counts when someone is elected; ballots are added to a candidate's total in the order in which they are transferred.


9. After surplus ballot distribution is complete -- in 1991, after the third count -- all candidates having less than fifty total votes are eliminated. In the hand-count, William Jones was eliminated with a total of 43 votes, and all of his votes were distributed to the next highest choice listed.


10. After each recalculation, the candidate with the lowest total is eliminated, and all ballots transferred. The process is continued until either nine candidates are elected with the threshold, or the candidate(s) with the highest vote totals are elected if no remaining candidates can reach the threshold. In 1991, all winning candidates reached the threshold: the ninth seat was filled on transfers in the thirteenth and final count.


11. Write-in candidates are permitted. In 1991, six ballots listed first choice write-ins, and one of Wolf's surplus listed a write-in for its second choice. It appears that all write-in ballots were exhausted when write-ins were eliminated in the fourth count. 


IV. Running the Program: Cambridge Rules

When run with the data received from Trade Quotes, PRMaster produces results nearly identical with the results from the actual count for the 1991 Cambridge city council race. The same candidates won, the order of victory was the same and ballot transfers during the count were roughly the same -- with small deviations due to errors in the data entry.


The Appendix has the full print-out of these results along with a one-page summary of the results and a copy of the official results. The differences are as follows:


• slight deviations in the total of first choices, which is explained by errors in the data


  entry, as discussed in Section III;


• the winning threshold being one vote less (2,297) due to the total valid ballots


  counted being nine ballots fewer than the actual count;


• slight deviations in ballot transfers, again explained by errors in the data entry.

Minor Impact of Deviations

Given Cambridge's rules, perfect data entry should give exactly the same results when the same precinct draw is used. But to demonstrate how slight the impact of the deviations were on the results, it is useful to compare the actual counts for the last three defeated candidates in 1991 with the counts produced by PRMaster; the fact that the PRMaster totals are slightly higher likely is due in part to the winning threshold being one vote less in the PRMaster count than in the actual count.


• Round 10, eliminating James McSweeney



- Actual count: 
962 votes, behind Elaine Noble's 1,257 votes



- PRMaster count:
968 votes, behind Elaine Noble's 1,269 votes


• Round 11, eliminating Elaine Noble



- Actual count: 
1,355 votes, behind Alfred Velluci's 1,565 votes



- PRMaster count:
1,362 votes, behind Alfred Velluci's 1,575 votes


• Round 12, eliminating Alfred Velluci



- Actual count: 
1,764 votes, behind Ed Cyr's 2,191 votes



- PRMaster count:
1,764 votes, behind Ed Cyr's 2,203 votes

 



In conclusion, PRMaster almost certainly has been programmed to use Cambridge's rules with precision. To gain complete assurance, the program could be run with data which has been entered using reverse checking to eliminate all data entry errors.


V. Running the Program: Different Precinct Draws

The order of precincts used in the count has a potential impact on the transfer of ballots in two ways. 


• With the Cambridge rules, when candidates are eliminated, their ballots are


  distributed in the order they are received. If this distribution results in the election


  of another candidate, then using a different precinct draw would mean that different


  ballots from the eliminated candidate would have helped put the winning candidate


  over the threshold, and different ballots would have been transferred onto choices


  beyond this candidate after he/she reached the winning threshold.


• When transferring surplus ballots from winning candidates, different precinct draws


  will mean that different ballots are transferred as surplus; the interval method,


  however, likely tempers these differences by spreading the transfers among ballots


  from across the city.

The possible impact of the precinct draw can concern voters and candidates despite statistical demonstration that this "controlled randomness" should not have an impact on the results.


Given the rapidity with which PRMaster can run an election count and given the ease in changing the order of precincts, we were able to run the program with different draws. We believe that the nearly identical results should allay concerns about the effect of different draws. For those seeking greater assurance, we recommend running the program with many more different precinct draws -- perhaps even seeking to manipulate the results by selecting the "worst possible" precinct order based on an understanding of how different parts of the city voted in 1991.


We ran the election with three different random draws. Each time, the same candidates were elected, and elected in the same order. Although there were differences in the ballot transfers, they in general were small; the Appendix has one-page summaries of these three different program runs and the different precinct draws used for each run.


If nothing else, this study is important for the ability to demonstrate the minimal impact of different precinct draws. If Cambridge chooses to continue using a hand-count and to continue using its current rules governing the count, voters should be assured that the results are very unlikely to be affected by the precinct draw.


VI. Eliminating Precinct Draws: Precise, Mathematical Transfers

"Controlled randomness" is one way of describing the counting method used by Cambridge. Not only is there a random precinct draw to prevent an advantage accruing to one side of town that presents its ballots first, but the interval method for surplus distribution prevents an advantage from accruing to those precincts first in the draw.


For a city the size of Cambridge, it has always been presumed, that, mathematically, these safeguards transform randomness into equitable results. It is presumed, for example, that if the random method gave Ed Cyr 23.46% of Wolf's surplus (430 of 1,833), then he was likely the second choice listed on approximately 23.46%, or 969, of all 4131 ballots listing Wolf first (although, to add one complication, Cyr's 430 votes from Wolf in 1991 almost certainly included several ballots that had listed Francis Duehay second, which went to Cyr after Duehay reached the winning threshold).

Distribution of Surplus Ballots: The Boulder Method

When Cambridge formulated its rules, the Massachusetts General Laws governing choice voting allowed for local options on some of these specific provisions. Cambridge chose to follow the "Cincinnati method," which it still uses. 


Section V demonstrates that precinct order indeed is unlikely to have significant impact on the results, but not every city that once used PrV was as comfortable with the interval method of surplus distribution. For example, Boulder, Colorado instead chose to adopt a method of mathematically determining an exact ratio for distributing second choice surplus from first count winners. Later, Worcester adopted this "Boulder method," which resulted in longer counts than occurred in Cambridge.


The Boulder method works as follows. If the winning threshold is 3,000 votes and candidate Jones receives 4,000, then Jones has a surplus of 1,000 votes. To determine ballot transfers, all of Jones' 4,000 ballots are counted for second choice preferences. If candidate Smith is listed second on 800 of them, then Smith is the second choice of 20% of Jones' supporters, and therefore should receive 20%, or 200, of the 1,000 surplus ballots. This counting process takes any randomness out of Smith's receipt of Jones' transfers. 


On the other hand, another question remains: which 200 ballots are transferred? The 800 ballots that list Smith as Jones' second choice almost certainly will not all have the same third, fourth and subsequent choices. Which of these 800 ballots are transferred could determine who will receive these ballots should Smith later be eliminated and the ballots need to be transferred once again. But the precision of the Boulder method went only as far as the second choice on surplus distribution; everything after that was random.

Mathematical Transfers: Maintaining Precise Distribution Through the Entire Count

When not run with the Cambridge rules, PRMaster is programmed to run using a principle similar to the Boulder method: all ballots from first count winners figure into determining second choice surplus distribution, and ballots are transferred to second choices in the exact same proportions as exist when counting all the second choices.


However, PRMaster's default program goes a step further than the Boulder method. Rather than transfer some whole ballots as in the Boulder method and accept the inevitable problem of which ballots should be transferred, PRMaster operates on what we call a "mathematical model:" the use of a mathematical equation to give a value to the receiving second choice candidate rather than that number of actual ballots. This process not only assures pinpoint accuracy in distribution to second choices, it carries over to every successive distribution of these same ballots as well.


Going back to the example with candidates Jones and Smith, we will recall that Jones is credited with 3,000 votes after the transfer of 1,000 surplus ballots. But the computer does not need to keep 3,000 ballots in a neat pile, separate from the 1,000 surplus ballots to be distributed. Rather, all 4,000 of Jones' ballots will figure into the surplus distribution, with a "transfer value" of 25% attached to each of them. The 800 ballots listing Jones first and Smith second are counted: 25% of that value, or 200 votes, are credited to Smith, and added to her own total; the rest of the value of these 800 ballots "stays behind" and is part of Jones' total, at a value worth a total of 600 votes. 


But to achieve mathematical precision, all 800 ballots, each with a value of 25%, "go" to Smith. If she is later eliminated, the ballots are then parceled out accordingly. If 300 of these ballots are found to list Jones #1, Smith #2 and Garcia #3, then these 300 ballots are "transferred" to Garcia, at a value of 75 votes, which reflects their transfer value of 25% assigned during the original distribution from Jones.


The concept of "splitting" ballots may be new to Cambridge voters, but PrV hand-counts in Tasmania's legislative elections and many private elections in Great Britain already use this method. With computers, it is simple to use this more precise method that preserves the integrity of every single ballot without "randomness" -- and arguably it is more straightforward than current transfer rules. It also should be noted that the great majority of ballot transfers still will be whole ballots that are transferred from eliminated candidates; the mathematical model only changes distribution of surplus votes from elected candidates.

Mathematical Transfers and the 1991 Election



When run on the 1991 Cambridge ballots using the precise, mathematical transfer of ballots, PRMaster produces the same results as when run using the Cambridge rules -- the same candidates win, and they win in the same order. These results provide affirmation of the basic fairness of using random precinct draws, but do have some interesting differences that point to some reasons to consider adopting a system of mathematical transfers.

Differences in the Rules Between Two Systems

First, it is important to explain some of the differences between the rules in the mathematical model used by PRMaster and the Cambridge rules.

1. Perhaps the most obvious change is that as the count progresses, candidates can receive fractional values. The formula for transfers of surplus from winning candidates is:


transfer value = [(votes received) - (threshold)] 


 
                       votes received

For example, with the large number of first choice votes for Alice Wolf, her ballots had a transfer value of 0.444. With the results showing that Elaine Noble received a total transfer of 146.951 from Wolf's surplus ballots, one can say with certainty that Noble was listed second on 331 of Wolf's 4131 ballots -- a result one can determine by dividing her total transfer by the 0.444 transfer value of Wolf's surplus ballots.

2. With Cambridge rules, once a candidate reaches the winning threshold during the course of a count, subsequent ballots for that candidate are transferred to the next candidate listed. 

Thus, in the 1991 Cambridge election using Cambridge rules, once Francis Duehay was elected by surplus ballots from Alice Wolf, any additional ballots from Wolf that listed Duehay as the second choice simply were transferred to the third candidate listed. 


With the mathematical model, all candidates who have not been elected at the start of a particular count receive their full share of ballots during that count. Thus, in the PRMaster count using the mathematical model, Duehay continued to receive ballots from Alice Wolf supporters after obtaining the winning threshold and in fact gained an additional 158 votes. The possible impact of this change is demonstrated below.

3. As a result of the change explained in #2, the mathematical transfer requires several additional rounds of counting -- rounds in which surplus ballots are transferred from candidates like Duehay who win during the course of the transfers rather than from first choice votes. Thus, PRMaster requires 19 rounds of counting to carry out the 1991 city council election when using the mathematical model as compared to 13 rounds of counting when using the Cambridge rules.

4. A minor change is that the mathematical model does not simultaneously eliminate all candidates who have won fewer than fifty votes at the same time. This change is highly unlikely to affect the results, but can add further rounds of counting to the process.

5. We have programmed PRMaster to assign a whole number value to the winning threshold -- rounding off to the closest whole number, as is done with Cambridge rules. One also could construct the program to use a more precise winning threshold by not rounding off the fraction.

Example of the Impact of Different Systems: Transfer of Surplus

Returning to our run of the mathematical model on the 1991 city council election ballots, the following difference in the results provides an example of the possible impact of using the mathematical model -- an impact that should be emphasized is slight, but that could be important in very close elections. 


Using the mathematical model, Ed Cyr received a total transfer of 371.151 from Alice Wolf rather than the 432 votes that he received when PRMaster is run on the same data with the Cambridge rules. The difference is explained primarily by the fact that Francis Duehay continued to receive votes after obtaining the winning threshold of 2297.


One might then assume that transferring Duehay's surplus ballots in the fourth count would give Cyr a number close to the difference between 432 and 371.151, which is 60.849. In fact, Cyr receives a transfer value of only 40.71 from Duehay in the mathematical model. Although this difference of twenty votes could be explained by errors in the data entry, it also could be due to the fact that relatively fewer voters who listed Duehay first chose to list Cyr second as compared to the Alice Wolf voters who chose to list Cyr after Duehay. In other words, for transferring surplus ballots from Duehay to Cyr, the Cambridge rules emphasize ballots ranking Wolf first, Duehay second and Cyr third rather than those ranking Duehay first and Cyr second; the mathematical model gives equal weight to these ballots. 


In the case of Duehay, Wolf and Cyr, the difference is quite possibly due more to the impact of the precinct draw than to differing voting patterns of Wolf and Duehay supporters. Our first random precinct draw using the Cambridge rules resulted in Cyr gaining only 413 transfer votes from Wolf, which is almost exactly what would be predicted from the mathematical model. Either way, the mathematical model provides more precision and perhaps would provide greater voter confidence in the choice voting system.

Other Mathematical Models

It should be stressed that there is no "pure" mathematical model, just as there is no "pure" electoral system in general. Certain subjective decisions need to be made about what electoral values one wants to emphasize in the system. There is no definitive answer to such issues as: using the Droop threshold versus the Hare threshold; transferring surplus only "from the top" (the way that Cambridge does -- e.g., the case of Duehay not receiving ballots from Wolf beyond those which put him over the threshold) or from all ballots belonging to a winning candidate; and having fractions in the winning threshold and in the total transfer value (some argue that voters would be intimidated by showing fractional transfers and that the impact of rounding a total transfer off to the nearest whole number would be negligible).


Having the 1991 Cambridge city council elections on computer and having PRMaster provides an intriguing opportunity to study the impact of such changes. But regardless of what decisions are made, it should be stressed that these changes rarely would change results.


VII. Voting Machines: Getting Ballot Data to PRMaster

When choice voting is proposed to local governments or private organizations for their elections, we often find there is concern about the logistics of the PrV election process. Conducting counts by hand or relying on manual data entry to get information to a computer program often are not considered satisfactory options.


In response to this concern, in November 1993, we developed a RFP (request for proposal) about our interest in voting machines that could provide direct recording of data in choice voting elections. We sent the RFP to the eighteen companies that are listed by the Federal Election Commission as supplying election equipment and to several other companies. In following up these letters, we located eight companies interested in supporting PrV and expect to identify more. Of the eight companies, five provide electronic voting booths; the others have a scanning system, a punch card system and vote-counting software. The cost of these systems appears to be competitive with traditional voting technologies.


Electronic Voting Booths may be the most attractive technology for PrV. One example of how they could work is as follows. A voter would touch the name on a screen of her favorite candidate, and a "1" would appear by the candidate's name. The voter then would touch her second favorite candidate's name, and a "2" would appear by the name. 

The voter would continue voting until touching "Finished." If voters touched the wrong candidate or changed their minds, a mechanism could exist to start over or erase the most recent preference. There could be a printed receipt of the final ballot choices for each voter.


As another option, the computer could ask the voter, "Who is your first choice?", wait for the response, then ask "Who is your second choice?" and so on until the voter chose to stop voting. On one side of screen the ranked candidates could be listed in order while the voter picked among an alphabetical list on other side, either by touching the screen or typing in a number correlating to the candidate for whom they wanted to vote.


Once the polls close, the ballots could be sent to the count center via modem, and the count could be completed literally minutes after the polls were closed (with absentee ballots entered by hand or by a scanning system). Electronic Voting Booths can include audit trails, full reporting capabilities and ballot security. Given that Cambridge already uses computer tabulation for state elections, ballot security issues probably could be addressed as well as they are addressed now for the state elections.


Other possibilities for PrV election technologies are: punch-cards, mark-sensing scanners (with numbers inside of circles -- voters pencil in the appropriate circles, as students do on SAT tests); bar-code stickers to be placed by candidates' names (and recorded like food items in supermarkets); and hand-written ballots read by optical character recognition. One factor for deciding which machine to adopt is whether there are any election laws that might affect the choice; in New York, for example, there is an apparent requirement for the candidates in all election contests to be visible on the screen at the same time -- stemming from a requirement for lever machines to have all contests on one side of the ballot paper.

Voting Machines and Voter Participation

Besides addressing election boards' logistical concerns, such "direct recording" machines could increase voters' participation and full exercise of their voting power. "User friendly" voting machines could help ensure that voters understand the choice voting rules and have confidence in the count: more voters might vote, and more voters might rank a longer list of candidates, which could lower the number of exhausted ballots.


On the other hand, researching and buying new voting system machines would be expensive. The cost of such new machines has to be considered in the context of how much money the city might save over time and how much easier it might be for voters to participate effectively. To provide a cost comparison with manual data entry, our contract with Trade Quotes was for just over $3,000 for "key only" entry. If you double the price to factor in "reverse checking" and speed, then manual data entry would cost roughly $6,000 each election in addition to the cost of printing, distributing and collecting paper ballots.


The bottom line is that logistical concerns soon will no longer be an impediment to adoption of PrV. Given the conclusion previously quoted from the National Civic League's Model Charter that PrV is "unquestionably" the fairest voting system, but that the long and expensive counting system has prevented its widespread adoption, we consider this development a very significant one.

Postscript on Absentee Voting

If Electronic Voting Booths were adopted, absentee votes likely would still need to be entered manually. Some of the other systems -- such as bar-code stickers and mark-sensing scanners -- could allow absentee voters to use the same ballots as used on election day. 


Unlike Massachusetts, many states permit mailing absentee ballots until the day of the election, which poses a problem for obtaining rapid results in PrV elections -- with PrV, all ballots must be received to begin a fair process of determining winners. For example, the PrV hand-count in the New York Community School Board elections does not begin until over a week after the election to make sure that all absentee ballots have been received. 


Cambridge does not have this problem because of the Massachusetts law that requires absentee ballots to be received by election day. If this law were to change, Cambridge -- and any cities and counties where absentee votes can be mailed up to election day -- could use the computer program at the very least to announce the preliminary results of the first choice ballots. These results generally would give voters and candidates a good sense of what the final results were likely to be.


VIII. Uses for the Program: Recounts, Filling Vacancies and "X" Votes

No matter what counting method is used, adopting a computer program for the ballot count could provide certain advantages for Cambridge. As examples, we will discuss the following ways the program could be used:

Recounting Ballots in Close Elections

Most states and cities provide candidates with an opportunity to challenge the results of a close election and ask for a recount. Other cities that once used choice voting indeed did at times have to conduct such recounts, with the laborious result of having to go through the entire hand-count a second time. 


With the computer program, the count itself is extremely fast. If manual data entry were used in an election requiring a recount, ballots might need to be re-entered, but the count itself could be done in minutes and with no additional costs. 

"X" Voting and Invalid Ballots

Some choice voting advocates believe that it would be fairer to permit voters to cast "tie" votes or at least to allow "x" voting for several candidates. Beyond theory, the main practical reason to consider such voting is to reduce the number of invalid ballots. Few Cambridge voters cast invalid ballots -- the number in 1991 was well under 2% -- but it obviously would be better if no invalid ballots were cast by voters sincerely seeking to vote their preferences. New, "user-friendly" voting machines certainly would reduce invalid ballots, but a computer count could help even if current paper ballots were maintained.


Many invalid ballots are the result of voters using "x's" rather than numbers. PRMaster is programmed to allow such ballots to be valid. To use the ballots, each candidate with an "x" is credited with a value equal to one divided by the number of candidates with an "x" -- meaning that the voter still has a voting power of one. If such ballots need to be transferred, the other candidates on the ballot are credited with a value of one divided by the current reduced value of the ballot. This process sounds complicated -- and in fact would be extremely difficult to do by hand -- but is simple for a computer.

Filling Vacancies

Vacancies on council can be created by a range of developments, from a member moving on to a higher office to a successful recall by voters (where this is permitted). Under current Cambridge rules, vacancies on council that occur mid-term are filled by conducting a "mini-preference count" that is designed to fill the seat with the losing candidate who is most "compatible" (as defined by voters) with the outgoing candidate. This system is seen as better than filling the seat with the candidate who finished 10th, as that candidate could be someone who was supported by different voters from those who supported the outgoing council member).


Using current Cambridge rules, all unelected candidates start with a clean slate -- zero votes. Second, all of the assigned ballots for the outgoing council member are assembled. They are distributed to the highest choice listed among now-active candidates. The winner is the first candidate to surpass 50% of the vote from these ballots -- either on an initial count or on subsequent counts having eliminated the candidate(s) with the lowest totals.


Among those who are political allies of the outgoing council member, however, this method has a potentially unfair, if unintended result. The current method may favor a candidate who in the election is eliminated before the now-outgoing candidate reaches the winning threshold. More successful candidates might be eliminated after the outgoing candidate already has been elected, which would mean that their ballots listing this candidate as the next choice would be transferred instead to the next choice candidate. This imbalance is likely to show up to some degree when ballots are redistributed back to the losing candidates from the outgoing candidate in the "mini-preference count."


Although this is a legitimate concern, it might be hard to find a better way of filling the vacancy if the hand-count were the only method employed. Computerized tabulation, however, permits different options that include:

• Running the election without the outgoing candidate: The program could be modified to allow a certain candidate to be "blocked." For example, the outgoing candidate could be "blocked," and ballots that before went to the outgoing candidate instead would be directed to the next highest choice listed on the ballot.


This re-count of the election will elect a new winner, who likely will be the candidate next preferred by supporters of the outgoing council member. The one possible flaw is that the removal of the outgoing candidate conceivably could "un-elect" one of the other candidates who won in the original election, thus causing the election of two new candidates -- only one of whom is truly compatible with the outgoing candidate.


Our programmer estimates that it would take ten-to-twenty hours of work to add this feature to the program. Once programmed, the feature at least could be used to study how often, if at all, a winning candidate's removal would "un-elect" another winning candidate.

• Analyzing ballots to determine the most compatible candidate: With all the data on computer, various tests could be run to see which losing candidate was the next choice of supporters of the outgoing candidate. For example, one test could be to determine which losing candidate appeared among the top nine choices on the most ballots with the outgoing council member. To pursue choosing such tests, we would recommend that a non-partisan organization or committee of individuals be asked to develop fair criteria. 


As a final comment, proportional voting systems create an interesting paradox when localities have provisions for recall. Since winning an election does not require a majority, it hardly seems fair to recall council members with a simple majority vote. Unlike cumulative voting and traditional at-large voting -- at least when the outgoing candidate or candidate's party is not permitted to appoint a replacement -- choice voting allows for filling a vacancy created by a recall effort in a way that minimizes possible "tyranny of the majority."


IX. Uses for the Program: Understanding the Election

Once election data is on computer, it is not difficult to analyze a range of important issues that could provide a public service and assist the work of election administrators and city government officials. Here are a few examples:


• Average Number of Choices Listed: While true that in choice voting elections


  most voters will help elect one of their top three choices, it still can make a


  difference in close races for voters to rank several additional choices. If Cambridge


  determined that some voters were ranking fewer candidates than other voters, the


  Election Commission could pursue an education campaign to make sure voters were


  aware that ranking a lower choice never hurts the chances of a higher choice.


• Exhausted Ballots: Cambridge could study exhausted ballots to see how many of


  them in fact included winning candidates or to see how many were exhausted after 


  voters listed a certain number of choices. These results could provide evidence to


  support how well the system already is working (in the former case) or how it could


  be improved by voters listing more candidates (in the latter case).


• Elections in Certain Wards: As the program currently is constructed, it is a simple


  matter to run an election in only one ward or set of wards. As an example, we ran


  sample elections for Ward 7 and for Ward 11, and provide results in the Appendix.


  Such information should be useful to council members and the public for gaining a


  better understanding of the voter mandate in different parts of the city. One can


  also run the program to elect a different number of winners citywide.


These last kinds of analysis points to an important value of having such information available to voters. Some might argue that elections are about more than electing certain candidates; they provide a way for voters to send messages about what is important to them. Since choice voting provides an opportunity for voters to send more sophisticated messages than with forms of "x" voting, it would seem valuable for quality of city governance to learn as much as possible from results in recent elections.


The question of how this data would be distributed should be addressed. Currently, Cambridge allows the general public limited access to inspect paper ballots for two years after an election. As some states now provide the public with access to the census data and computer programs used by the state for redistricting in order to try drawing their own redistricting plans, perhaps Cambridge could make a similar provision by allowing the general public to study city council election data with the choice voting computer program.


X. Conclusion: Computerizing a Tradition?

Cambridge first used PrV/PR five decades ago. Over that time, the Election Commission has developed clear rules and procedures, carrying out a remarkably efficient process in full view of an informed and interested populace. It is no wonder that so many people in the city, from all political backgrounds, actively support the choice voting system as a means to fair and meaningful representation for all voters.


The Center for Voting and Democracy recognizes the special feelings many people in Cambridge have for the public count at the Longfellow School. When the city council asked us, in a unanimous vote, to study computerization, we accepted the task as more than just a question of putting numbers on paper: we were being asked to comment on a great tradition.


As explained in this report, there is no doubt that computerization will provide speedy results, even if manual data entry is required. Costs are a more complex question, as one-time costs associated with computerization have to be balanced against the ongoing costs of the hand-count -- overall, we believe computerization would result in significant savings. There is a likelihood that computerization could improve voter participation in several ways, such as reducing the number of errors in marking ballots, encouraging voters to rank more candidates and increasing voters' confidence in the election process.


We have provided strong data that should ease concerns about the impact of "randomness." We also have demonstrated the potential for mathematical precision through computer tabulation that we believe is clearly a positive point for new localities considering adoption of PrV. We understand that the issue of randomness may not be a major concern to most Cambridge residents, but hope that this report will make adoption of the mathematical model a serious consideration if Cambridge were to choose to computerize its election count.


Finally, there is Cambridge's civic tradition that involves a special gathering time during the election count that many in the city value as much as some others bemoan for the length of time it takes to learn the election results. Only the people of Cambridge, through their elected representatives, can assess how this issue intersects with the others. 


We offer one thought on the matter: the City need not abandon its civic tradition when computerizing the count. PRMaster is adaptable: instead of running the whole count in two minutes, the Election Commission could proceed, count by count, at a central location such as the Longfellow School. Intervals between counts could be chosen in a way that made most sense: perhaps less time between counts after candidates are eliminated in the early stages and more time following a distribution of surplus and between the later counts.


 People could have the chance to keep tally cards; offer commentary on TV; circulate theories about possible effects....and still finish up by 11:00 pm on election night (if the City 

used voting machines that directly record data) or the next evening (with manual data entry). Perhaps this solution sounds contrived. But it sure beats network projections at 8:01 pm, and a community coming together to celebrate democracy sounds like a good idea to us.






