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Abstract9

Two algorithms are commonly applied in computerized temporal discounting procedures (Decreasing Adjustment and Double-Limit Algorithms);
however, the degree to which the two algorithms produce similar patterns of discounting is unknown. The present experiment compared the two
common algorithms across sign (gains and losses) and magnitude ($10 and $1000) conditions. Twenty participants made choices between larger
later and smaller sooner alternatives that were presented by each of the algorithms in separate conditions. Strong correlations were found between
the two measures; however, the Decreasing Adjustment Algorithm tended to produce lower indifference points and higher rates of discounting
than the Double-Limit Algorithm. Both algorithms found significant magnitude effects. Less consistent results were found when comparing the
two algorithms across sign. The present results suggest that researchers should apply caution when making comparisons between outcomes of
delay discounting studies that have used the two different algorithms. However, the interpretation of findings from individual studies is probably
not strongly affected by the use of different computer algorithms.
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1. Introduction1

Temporal discounting has gained considerable attention2

across a broad range of research fields, including behav-3

ioral pharmacology (e.g., Perry et al., 2005), addiction (e.g.,4

Bickel and Marsch, 2001; Bickel et al., 2006), economics (e.g.,5

Loewenstein and Elster, 1992), evolutionary psychology (e.g.,6

Daly and Wilson, 2005), and self-control (e.g., Rachlin, 2000).7

Researchers from each of these fields have constructed their own8

procedures that can be used to estimate the rate at which the delay9

until a reward is received decreases its subjective value. For10

example, $100 in 1 day is worth more to most of us than $100 in11

1 year. The complete range of available discounting procedures12

varies widely in terms of methodology. For instance, discount-13

ing functions among rats and pigeons (e.g., Mazur, 1987) are14

usually determined using an experiential reinforcer (i.e., a rein-15

forcer which is delivered repeatedly during the session, allowing16

the experience of a delay to affect subsequent choices), delays of17
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seconds, stability criteria, and an effortful task (e.g., lever push- 18

ing); whereas human discounting experiments (e.g., Richards et 19

al., 1999) typically use hypothetical (non-experiential) rewards, 20

include delays up to several years, lack stability criteria, and 21

involve mouse-clicks or other minimal effort responses. 22

The variety of currently available discounting procedures has 23

caused some researchers to question whether all procedures are 24

actually measuring the same behavioral process (see Madden et 25

al., 2004; Navarick, 2004). Nonetheless, comparisons between 26

results of discounting studies collected from different labo- 27

ratories and experimental procedures are not uncommon (for 28

examples see below). Admittedly, the ideal suggestion would 29

be for standardized procedures to be used whenever possible 30

(Baron and Derenne, 2000). At the very least, when making 31

comparisons between different procedures used to measure dis- 32

counting, researchers retain a responsibility of ensuring that they 33

are aware of the degree to which these procedures are measuring 34

the same behavioral process. Rather than discouraging com- 35

parisons, it may be more beneficial to compare experimentally 36

different procedures and methodological variations that have 37

been commonly used to study discounting. 38

Several methodological variations have been compared 39

experimentally by having the same participants complete two 40

or more different discounting procedures. Johnson and Bickel 41
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(2002) and Madden et al. (2003, 2004) tested participants’ dis-42

counting of real and hypothetical delayed rewards and found the43

two rewards were similarly discounted. Reynolds (2006) com-44

pared results from an experiential discounting task (where real45

rewards were earned on 35% of the trials) and a hypothetical46

discounting task and found strong correlations between the two47

measures. Several other empirical studies have previously eval-48

uated different methods of deriving discounting functions (e.g.,49

paper assessments versus computerized, Epstein et al., 2003;50

single option versus multiple option choice trials, Hinson et al.,51

2003; steady state versus one-time shot, Lagorio and Madden,52

2005). These studies have revealed that careful examination of53

methodological variations can serve as a useful guide about54

the generality and limitations of temporal discounting. A useful55

continuation of these previous examinations would be to com-56

pare the common algorithms that are applied in computerized57

discounting procedures.58

Among human participants, computerized temporal dis-59

counting procedures ask participants to choose between an60

immediate outcome and a delayed outcome on each of numer-61

ous trials. The value of the immediate outcome is adjusted from62

trial to trial according to a specified algorithm with the goal63

of approaching the point at which both outcomes are subjec-64

tively equivalent. One commonly used algorithm is based on65

a Decreasing Adjustment (Du et al., 2002). The first choice66

is always between the delayed amount and exactly half of the67

delayed amount. Following each choice the value of the adjust-68

ing outcome is increased or decreased by half of the previous69

adjustment, depending on the choice of the participant. The pro-70

cedure continues until a specified number of trials has elapsed,71

at which time the value that would have been presented as the72

adjusting outcome on the next trial is accepted as the indifference73

point.74

A second commonly used algorithm is the Double-Limit75

procedure (Richards et al., 1999). The first choice is between76

the delayed amount and a probabilistically selected adjusting77

amount that is between 0% and 100% of the value of the delayed78

amount. Following each choice, an adjusting outcome is proba-79

bilistically selected from a range of values that is narrowed when80

consistent choices are made by the participant. This algorithm81

continues until the participant responds consistently within a82

narrow range of values that correspond to a single indifference83

point. The indifference point is calculated by taking the value of84

the adjusting outcome amount after the algorithm has converged.85

The purpose of this study was to determine whether these two86

commonly used computerized discounting procedures produce87

similar discounting functions when the same participants are88

exposed to both procedures.89

2. Materials and methods90

2.1. Participants91

Twenty participants (12 male, 8 female) between 21 and 5692

years of age, with a median age of 43, were recruited through93

regional newspaper advertisements. There were no exclusion94

criteria beyond the ability to complete the one-session study;95

therefore there was no predetermination of eligible participants, 96

and demographics were collected during the session. The eth- 97

nic distribution in the study was 55% Caucasian and 45% 98

African American. Participants volunteered and gave written 99

informed consent for the study, which was approved by the Uni- 100

versity of Arkansas for Medical Sciences Institutional Review 101

Board. All 20 participants that were recruited finished the study 102

and were compensated $15 h−1 for the time that they spent in 103

the lab. 104

2.2. Procedure 105

2.2.1. General procedure 106

The order in which the two temporal discounting procedures 107

were presented was counterbalanced across participants. In 108

both discounting procedures, immediate (adjusting) and delayed 109

(standard) outcomes were presented on the monitor. Mouse 110

clicks were then used to indicate the preferred outcome in 111

each trial. On the computer monitor, the adjusting outcome was 112

always presented in the left of two command boxes while the 113

standard outcome was always presented in the right box. The 114

text on the adjusting outcome command box said “$(money 115

amount) right now”, with the amount determined by the pro- 116

grammed algorithm. The text of the standard outcome command 117

box said “$(money amount) in (delay)”, with the money amount 118

and delay determined by the Magnitude and Delay conditions, 119

respectively. 120

Indifference points were determined at seven delays (1 day, 121

1 week, 1 month, 6 months, 1 year, 5 years, and 25 years) 122

for two magnitudes ($10 and $1000) of hypothetical gains and 123

losses. Algorithm, Magnitude, and Sign conditions were coun- 124

terbalanced across participants. Delays were always presented 125

in increasing length. Participants were randomly assigned an 126

order of presentation of conditions with the restriction that an 127

equal number of participants completed each order. For each of 128

the algorithms, a total of 28 indifference points (one for each 129

combination of standard magnitude, delay, and gain/loss) were 130

collected from each participant. 131

2.2.2. Double-Limit Algorithm (Richards et al., 1999) 132

A precise description of the algorithm used in this study 133

was provided by Johnson and Bickel (2002). The following 134

description summarizes the aspects of the algorithm of direct 135

interest in this report. In each choice trial, participants chose 136

between two hypothetical monetary outcomes: an immediate 137

outcome and an outcome at some temporal distance in the future. 138

In each condition, the immediate outcome (called the adjust- 139

ing outcome) adjusted (increased or decreased) from trial to 140

trial while the future outcome (called the standard outcome) 141

remained constant. On the first trial, the algorithm selected 142

an adjusting outcome, which was a multiple of 2% of the 143

standard outcome, from values ranging from 0% to 100% of 144

the standard outcome. For each choice thereafter, the adjust- 145

ing outcome was selected probabilistically from a range of 146

values that narrowed when the participant made consistent 147

choices. If participants did not choose consistently, then the 148

range of values did not narrow. This prevented occasional 149

http://dx.doi.org/10.1016/j.beproc.2007.02.005
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mistaken responses from affecting the determination of indif-150

ference points. The algorithm continued until the participant151

responded consistently across a range of values for the adjust-152

ing outcome that had converged to a multiple of 2% of the153

standard outcome. The value of the adjusting outcome was154

then selected as the indifference point. The algorithm usually155

required 5–15 trials to reach a single indifference point (i.e.,156

an indifference point for a single delay and a single monetary157

magnitude).158

2.2.3. Decreasing Adjustment Algorithm (Du et al., 2002)159

This procedure was identical in all respects to the Double-160

Limit Algorithm with the exception of the algorithm used to161

determine indifference points. On the first trial, the adjust-162

ing alternative was equal to half of the standard alternative.163

For instance, if the standard alternative was $10.00, then the164

adjusting alternative would have been $5.00. For each choice165

thereafter, choice of the standard alternative resulted in increas-166

ing the adjusting alternative by half of the previous adjustment.167

Choice of the adjusting alternative resulted in decreasing the168

adjusting amount by half of the previous adjustment. After169

each choice response a command box appeared on the screen170

that could be removed by pressing the space bar to accept,171

or the backspace key to reject, the choice that had just been172

made. If participants rejected their choice, then the algorithm173

returned to the trial until the participant responded again. The174

next trial was presented only after the acceptance of a choice175

response. This prevented occasional mistaken responses from176

affecting the determination of indifference points. This algo-177

rithm continued for six trials, when an indifference point was178

determined. Indifference points were calculated by determin-179

ing the value that would have been presented in the next trial180

(trial 7) as the adjusting outcome; with the exception that181

the final indifference point was rounded to three significant182

digits.183

2.2.4. Statistical analysis184

Prism 4.0 (GraphPad Software Inc.) was used to determine185

discounting parameters (k) for Mazur (1987) hyperbolic dis-186

counting model:187

V = A

1 + kD
(1)188

In Eq. (1), the term V represents the present value of the con-189

sequence. The term, A refers to the amount of the consequence.190

D is equal to the length of the delay until receipt of the conse-191

quence. The term k is a free parameter that indicates the rate at192

which delayed consequences are discounted.193

All indifference points were transformed into present value194

proportions prior to statistical analysis. For example, an indif-195

ference point of $980.00 would be transformed by dividing by196

the standard outcome $1000, producing the present value pro-197

portion of .980. Likewise, an indifference point of $9.80 would198

be transformed by dividing by the standard outcome $10.00,199

producing the present value proportion of .980. In this way, indif-200

ference points for $10 and $1000 magnitudes could be compared201

directly.

Fig. 1. Mean indifference points (as present value proportions) derived from
the Double-Limit and Decreasing Adjustment Algorithms across delays (from
1 day to 25 years) for hypothetical monetary gains (collapsed across $10 and
$1000 magnitudes). Mean indifference points for the Double-Limit Algorithm
are represented by dotted lines and transparent squares. Corresponding data for
the Decreasing Adjustment Algorithm are represented by solid lines and filled
triangles. Error bars represent the standard error of the mean.

3. Results 202

3.1. Algorithm 203

Fig. 1 presents mean indifference points (as proportions 204

of present value) from the two algorithms when partici- 205

pants responded for hypothetical monetary gains ($10 and 206

$1000). The Decreasing Adjustment Algorithm appeared to 207

produce systematically lower indifference points, indicating 208

greater discounting, than the Double-Limit Algorithm. A 209

repeated measures analysis of variance (ANOVA) comparison 210

of all indifference points (Algorithm [2] × Sign [2], Magnitude 211

[2] × Delay [7], α = .05) indicated no statistically significant dif- 212

ferences as a function of Algorithm (F[1,19] = 1.064, p > .05) or 213

Sign (F[1,19] = 3.015, p > .05). Delay and Magnitude both pro- 214

duced significant main effects (F[6,114] = 94.287, p < .05 and 215

F[1,19] = 15.538, p < .05), indicating that as delay increased or 216

magnitude decreased individuals discounted at a greater rate. 217

Post hoc tests indicated that both algorithms were independently 218

capable of detecting significant effects of Magnitude and Delay 219

(p < .05). The interaction between Sign and Algorithm was sta- 220

tistically significant (F[1,19] = 6.773, p < .05), indicating that 221

indifference points generated by the two algorithms should be 222

considered with respect to losses and gains. 223

3.2. Sign and Algorithm 224

The interaction between Sign and Algorithm was consis- 225

tent with making comparisons of the two algorithms separately 226

for losses and gains. A repeated measures ANOVA compar- 227

ing the two algorithms for gains (Algorithm [2] × Magnitude 228

[2] × Delay [7]) found higher indifference points were observed 229

with the Double-Limit Algorithm (X̄ = .531) than for the 230

Decreasing Adjustment Algorithm (X̄ = .463; F[1,19] = 9.876, 231

p < .05). Post hoc tests revealed significant differences between 232

indifference points generated by the two algorithms at delays 233

of 1 week, 1 month, 6 months, and 1 year. A repeated 234

http://dx.doi.org/10.1016/j.beproc.2007.02.005


U
N

C
O

R
R

EC
TE

D
 P

R
O

O
F

Please cite this article in press as: Kowal, B.P. et al., A comparison of two algorithms in computerized temporal discounting procedures, Behav.
Process. (2007), doi:10.1016/j.beproc.2007.02.005

ARTICLE IN PRESS+Model
BEPROC 1693 1–6

4 B.P. Kowal et al. / Behavioural Processes xxx (2007) xxx–xxx

Table 1
Correlations between discounting parameters derived from each algorithm

Decreasing Adjustment Double-Limit

$10 gain $1000 gain $10 loss $1000 loss

$10 gain .804* – – –
$1000 gain .272 .624* – –
$10 loss .265 .422 .624* –
$1000 loss .460 .566 .410 .616*

* p < .005.

measures ANOVA comparing the two algorithms (Algorithm235

[2] × Magnitude [2] × Delay [7]) for losses did not find statis-236

tically significant differences for the main effect of algorithm237

(F[1,19] = .608, p > .05).238

A repeated measures ANOVA (Sign [2] × Magnitude239

[2] × Delay [7]) comparison of indifference points from gains240

and losses was conducted separately for each of the two algo-241

rithms. The Decreasing Adjustment Algorithm produced lower242

indifference points, indicating greater discounting, for gains243

than loses (X̄ = .463 and .557, respectively; F[1,19] = 7.690,244

p < .05). For the Double-Limit Algorithm average indifference245

points were nearly identical for gains and losses (X̄ = .531 and246

.532, respectively).247

3.3. Discounting parameters248

Eq. (1) was used to fit indifference points produced by249

the two algorithms. Because the distribution of the discount-250

ing parameter k was skewed, natural logarithm transformations251

of k (ln k) were used. A repeated measures ANOVA (Algo-252

rithm [2] × Magnitude [2]) compared ln k values from the253

two algorithms for monetary gains. Results (above) were con-254

firmed, demonstrating greater rates of discounting when using255

the Decreasing Adjustment Algorithm than when using the256

Double-Limit Algorithm (F[1,18] = 6.928, p < .05). Measures257

of goodness of fit (R2) by Eq. (1) for data generated by both258

algorithms were compared using repeated measures ANOVA259

(Algorithm [2] × Magnitude [2], both as within-subject factors).260

The main effect of Algorithm did not indicate a statistically261

significant difference between R2s from the Double-Limit and262

Decreasing Adjustment Algorithms (F[1,18] = .110, p > .05).263

Pearson correlations were conducted with ln k values and264

results are listed in a correlation matrix (Table 1). Correlations265

of ln k values between disparate conditions (e.g., $10 Gains266

Double-Limit versus $1000 Gains Decreasing Adjustment) were267

weak. Correlations of ln k values between algorithms in com-268

parable conditions (e.g., $10 Gains Double-Limit versus $10269

Gains Decreasing Adjustment) indicated a linear relationship270

(rs between .616 and .804). The strengths of these correlations271

reveal that variability which could be attributed to differences272

in the algorithms was small relative to variability which could273

be attributed to other variables in this study (e.g., Magnitude).274

Correlations between ln k values from comparable conditions275

were statistically significant (ps < .005, α = .005), indicating the276

observed relationship was not likely to be due to chance. Other277

correlations in Table 1did not reach statistical significance. Note278

that the alpha level was adjusted using the Bonferroni correction 279

(desired alpha for a single hypothesis test divided by number of 280

tests) for these correlations. 281

4. Discussion 282

Indifference points for gains were often higher for the 283

Double-Limit Algorithm than for the Decreasing Adjustment 284

Algorithm. The Decreasing Adjustment Algorithm produced 285

steeper rates of discounting than the Double-Limit Algorithm for 286

gains. Results for losses did not produce statistically significant 287

differences between the two algorithms (in terms of rates of delay 288

discounting). Despite the differences that were found between 289

the algorithms, Mazur (1987) hyperbolic equation accounted 290

for similar amounts of variance in the data produced by the 291

Decreasing Adjustment Algorithm and the Double-Limit Algo- 292

rithm. Furthermore, strong correlations between estimates of 293

discounting (ln ks) derived from the two algorithms suggest that 294

both algorithms measured the same behavioral process. 295

Differences in accuracy of indifference point calculation 296

(sensitivity) between the two algorithms or methodological 297

artifacts (carry-over effects) probably did not account for the sys- 298

tematic differences reported above. Post hoc, we determined that 299

differences in sensitivity were not likely to have influenced the 300

results with the following three step process. First, a single indif- 301

ference point was selected (e.g., $9.00). Second, responses were 302

made for each procedure that were consistent with the selected 303

indifference point until each algorithm finished and calculated its 304

own indifference point. Third, the calculated indifference points 305

were compared between the two algorithms. Following this three 306

step process, the two algorithms produced nearly identical indif- 307

ference points. This illustrates that differences in indifference 308

points (reported above) cannot be attributed to differences in 309

the accuracy with which each algorithm calculates indifference 310

points. 311

Carry-over effects were also a concern in this within-subjects 312

study because the two algorithms were run consecutively (with 313

no planned break). To reduce the possibility of a carry-over 314

effect, the order in which the two algorithms were presented 315

was counterbalanced. However, counterbalancing does not com- 316

pletely eliminate the possibility of carry-over effects influencing 317

within-subjects comparisons (cf. Madden et al., 2004). Post hoc 318

comparisons of ln k values between the 10 participants that com- 319

pleted the Double-Limit Algorithm first and the 10 participants 320

that completed the Decreasing Adjustment Algorithm first were 321

conducted for hypothetical monetary gains. Despite this limited 322

sample size, the findings of this comparison were consistent with 323

the within-subjects comparisons showing steeper discounting 324

with the Decreasing Adjustment Algorithm. This indicates that 325

carry-over effects, as a potential methodological artifact, did not 326

directly affect the central comparison of this experiment. 327

A plausible explanation remains for the current results: 328

different levels of effort associated with completing the two 329

algorithms may have occasioned the participants to settle on 330

different amounts of money that would be accepted as imme- 331

diate gains. Unfortunately, it does not seem clear at this point 332

which algorithm required more effort to complete. However, sev- 333

http://dx.doi.org/10.1016/j.beproc.2007.02.005
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eral variables could be manipulated in future experiments to test334

this explanation. First, the number of trials in the Decreasing335

Adjustment Algorithm could be increased to make that algo-336

rithm require more effort and to match the average number337

of trials necessary to complete the Double-Limit Algorithm.338

The results of this experiment could eliminate the possibility339

that fewer trials led to steeper rates of discounting in the cur-340

rent experiment. Second, a command box that asks participants341

to verify their responses, like the one used on the Decreasing342

Adjustment Algorithm, could be added to the Double-Limit343

Algorithm. The results of this experiment could eliminate the344

possibility that a salient verification of each response might make345

the Double-Limit Algorithm require more effort (by adding the346

additional deliberation necessary to verify their response). The347

increased effort required to verify each response could then be348

ruled out as an explanation for the steeper rates of discounting349

in the current experiment. Third, random distracter trials could350

be added to the Decreasing Adjustment Algorithm to make the351

immediate outcome available on each trial less predictable. The352

results of this experiment could rule out the possibility that sub-353

jectively predictable trials might have made that task require354

less effort and led to steeper rates of discounting in the current355

experiment.356

The current results correspond well with findings from pre-357

vious studies that suggest caution when comparing results from358

different measures of discounting. For instance, Epstein et al.359

(2003) study, which employed two highly correlated measures of360

delay discounting, found that a computerized measure resulted361

in statistically significant gender differences (males discounted362

at steeper rates than females) while a paper and pencil measure363

did not. Post hoc analysis of results of the current study indi-364

cated that both algorithms found steeper rates of discounting365

among males than females. However, neither algorithm used in366

the present study, with a much smaller number of participants367

than Epstein et al.’s study, found fewer or more statistically sig-368

nificant gender differences in discounting across Sign (losses369

and gains) or Magnitude ($10 and $1000) conditions.370

Finding that discounting measures occasionally produce371

different outcomes among the same participants does not nec-372

essarily present a problem of great significance. As Madden373

et al. (2004) argued, a small but statistically significant dif-374

ference in discounting parameters could possibly be detected375

when comparing real versus hypothetical rewards using large376

sample sizes. However, small methodologically driven differ-377

ences may not influence interpretations of group differences.378

For example, the between-group differences in discounting that379

are typically seen when making comparisons between heavily380

addicted participants and controls (see Bickel et al., 1999) are381

not affected. Comparatively, the differences within participants382

that were seen across measures of discounting in this study were383

negligible. Assuredly, different measures of discounting can be384

fairly compared under certain conditions and in other condi-385

tions comparisons should be avoided. A general rule of thumb386

might be that comparisons between measures of discounting are387

reasonable when the expected difference from an experimental388

effect is large enough to outweigh the expected difference from389

using different measures by an order of magnitude. For exam-390

ple, if the expected difference in median ks between groups is 391

.01, then a difference in median ks between measures of .001 is 392

acceptable. 393

If time to complete interactive, computerized discounting 394

assessments is a substantial concern, then the results of the 395

present study suggest that the Decreasing Adjustment Algorithm 396

is superior to the Double-Limit. Because the number of trials for 397

the Double-Limit Algorithm is partially dependent on chance 398

and partially dependent on consistent responding (the number of 399

trials increases as inconsistent responding increases), this algo- 400

rithm required as few as four but as many as 45 trials to determine 401

a single indifference point (with a mean of 13.86 trials overall) 402

in the gains condition of the present study. In contrast, the num- 403

ber of trials in the Decreasing Adjustment procedure is fixed, 404

requiring six trials to determine every indifference point. This 405

difference is substantial, allowing for faster completion of dis- 406

counting assessments, or the completion of more assessments in 407

a comparable amount of time, with the Decreasing Adjustment 408

procedure. 409

Even with this general guide, the task a new experimenter 410

faces in selecting which procedure to use can probably not be 411

settled in a direct empirical fashion. In some instances, a proce- 412

dure that is more capable of measuring subtle group differences 413

may require a degree of experimental rigor (e.g., experiential 414

discounting) or financing that is beyond the experimenter’s 415

resources (e.g., real monetary rewards). If the gold standard 416

cannot be afforded, then researchers must rely on own their cre- 417

ativity and ingenuity to provide reasonable alternatives or to seek 418

related questions that do not require the same costs. 419
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