
Memory researchers have striven to explain memory for 
order separately from memory for items and associations 
(Murdock, 1974). Memory for order is ubiquitous; even 
in free recall, for which order is not required, participants 
still preserve some presentation-order information in their 
recall sequences (Kahana, 1996), suggesting that order 
cuing is a pervasive characteristic of human memory, as 
argued systematically by McDaniel and Bugg (2008). A 
direct way to test memory for order is to present the par-
ticipant with a two-item probe and ask which probe item 
came later in the list, usually called “judgment of relative 
recency” (JOR). JOR itself has broad relevance to every-
day experience. For example, two dishes are ready and the 
waiter needs to determine their relative order to deliver 
them to their respective diners. The JOR paradigm has 
been extensively studied with long (supraspan) lists (e.g., 
Fozard, 1970; Wolff, 1966; Yntema & Trask, 1963; see 
McDaniel & Bugg, 2008, for a review), but, surprisingly, 
much less is known about relative order judgments in short 
(subspan) lists. In the few studies that have attempted to 
elucidate the memory-search process underlying judgment 
of relative order in short lists, there are some consistent 
findings (Table 1). For example, an important distinction 
in memory search models is whether the memory com-

parison is exhaustive or self-terminating. In exhaustive 
search, the memory comparison process continues regard-
less of a positive or negative match. In self-terminating 
search, the memory comparison process ends with a posi-
tive match. A significant effect of serial position on re-
sponse time is a clear-cut sign of self-terminating search 
(Townsend & Wenger, 2004), and all studies of short-list 
JORs have reported significant serial position effects. 
However, the direction of the self-terminating search has 
been inconsistent across studies (Table 1), with some sup-
porting a backward search strategy, wherein participants 
start at the end of the list and search toward the start, and 
one supporting forward search, wherein participants start 
at the first list item and progress toward the end of the 
list. Noting that the instructions differed across studies, 
we speculated that subtle differences in instructions may 
influence a participant’s choice of strategy by directing 
attention predominantly to the start or the end of the list. 
Our aim was to test this hypothesis by manipulating the 
wording of instructions between groups of participants.

In Figures 1A and 1B, we illustrate the hypothetical 
response time (RT) as a function of the serial positions 
of two probe items in the study list for six-item lists to 
show how serial position effects can be used to determine 
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will not depend on the position of the earlier-probe item 
(Figure 1B). This strategy will be indicated by a negative 
slope of RT versus position of the later-probe item (Fig-
ure 1F) and a near-zero slope of RT versus position of the 
earlier-probe item (Figure 1E).

Serial Versus Parallel Processing
Modelers also distinguish between serial and parallel 

search strategies, but serial and parallel models can mimic 
each other (e.g., Townsend & Wenger, 2004). In serial 
search, list items are scanned one after the other, produc-
ing a linear relationship between RT and list length (LL), 
such that each additional item increases the RT by a fixed 
amount. In parallel search, all items are evaluated simulta-
neously, producing no change of RT with LL. A variety of 
parallel models incorporate the notion of “limited capacity,” 
wherein the presence of additional items in the search set 
slows all search rates, enabling parallel models to produce 
an approximately linear increase in RT with LL (Murdock, 
1982). Thus, serial and parallel models can make many of 
the same predictions (Townsend & Wenger, 2004). Because 
parallel models are equally plausible, it is important to un-
derstand how the interpretation might change in a parallel 
search model. The parallel-model analogue of forward and 
backward search predictions is understood by replacing the 
notion of scanning direction with forward- and backward-
biased activation gradients, such that items will be searched 
faster or slower as a function of position even if all compar-
isons proceed in parallel. We will consider a parallel-model 
interpretation of the results in the Discussion.

The Present Experiment
To test the hypothesis that instructions could bias 

search direction even if the logical judgment is the same, 
we manipulated the instructions between two participant 
groups. One group received the “later” instruction, paral-
leling Hacker (1980), McElree and Dosher (1993), and 
Muter’s (1979) experiments. The other group received 
the “earlier” instruction, used by Kesner, Hopkins, and 
Fineman (1994), asking participants which of two probe 
stimuli occurred earlier in a studied list.

search direction. We assumed that error rates are equiva-
lent across probe types; RT is therefore the sensitive de-
pendent variable, which is usually the case for subspan 
lists (Table 1). Because probe items have to be different, 
one probe item will always come from an earlier list po-
sition than the other. Thus, we plotted RT as a function 
of two independent variables: the serial positions of the 
earlier- and the later-probe item. Figure 1A illustrates the 
hypothetical RT if search were in the forward direction 
and self-terminating. In a forward search, participants 
compare the probe items with studied items, starting from 
the first studied item and progressing toward the end of 
the list. In a self-terminating search, the search terminates 
once a match to one of the probe items has been found. 
Therefore, we predict that RT will increase with increasing 
serial position of the earlier item. For correct responses, 
which are considered here exclusively, the earlier-probe 
item will be found before the later one has been reached, 
and RT will be independent of the serial position of the 
later-probe item. Accordingly, in addition to RT’s increas-
ing with earlier-probe item position for any given position 
of the later item, RT is invariant with position of the later-
probe item for any given position of the earlier item. The 
3-D bar graph pattern can be approximated by two regres-
sion lines, one describing the change in RT as a function 
of the serial position of the earlier-probe item in the study 
list, the other describing the change in RT as a function 
of the position of the later-probe item (each while hold-
ing the position of the other probe item constant). Our 
prediction is that the case of a self-terminating forward 
search will be characterized by a positive slope of the re-
gression line of RT versus position of the earlier-probe 
item (Figure 1C) and by a flat function of RT versus posi-
tion of the later-probe item (near-zero slope, Figure 1D). 
We apply the same logic to predict the dependence of RT 
on the two probe items’ serial positions for the backward 
self-terminating search, wherein participants start from 
the end of the list and progress toward the start. RT will 
increase with decreasing serial position of the later-probe 
item. Self-terminating backward search will lead the par-
ticipant to encounter the later-probe item first, and RT 

Table 1 
Summary of Four Short-List Judgment of Relative Order Studies

  
 

Sternberg (1969)
Experiment 8

 
 

 
Muter (1979)

  
Hacker (1980)

 McElree & 
Dosher (1993)

Material type Digits Nouns Consonants Consonants
List length 3–6 4 or 10 9, 11, or 13 6
Number of list presentations 2 1 1 1
Interstimulus interval Not reported 25 msec 100 msec 50 msec
Retention interval 1,000 msec 1,000 msec 100 msec 550 msec
Forward recall attempt Yes No No No
Lags probed Successive serial 

positions only
All combinations 
of list positions

All combinations 
of list positions

All combinations 
of list positions

Scanning direction Forward Backward Backward Backward

Note—Instructions for Sternberg (1969, Experiment 8, p. 452): “. . . decide whether the left-to-right order of the 
pair was the same as its temporal order in the list, or reversed.” Instructions for Muter (1979, p. 163): “. . . press 
Key 1, 2, or 3 if the top test item had been presented more recently in the list, and Key 4, 5, or 6 if the bottom test 
item had been presented more recently in the list.” (Keys indicate level of confidence.) Instructions for Hacker 
(1980, p. 653): “. . . identify the more recent of the two items.” Instructions for McElree and Dosher (1993, p. 296): 
“[Indicate] which of the left–right test items was judged more recent.”
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Figure 1. Hypothetical response times (RTs; arbitrary units) for forward (A, C, D) and backward (B, E, F) self-terminating 
search. RT is plotted as a function of the positions of the earlier- and later-probe items in the study list (A, B). Note that for 
forward scanning (A), serial position is relative to the start of the list (Position 1), whereas for backward scanning (B), serial 
position is measured relative to the end of the list (position equal to the list length, abbreviated LL). Observed RT is plotted 
for “earlier” (G, I, J) and “later” (H, K, L) instructions. Slopes of the earlier-probe item position (while holding the later-probe 
item position fixed) are summarized in the single bar graphs in panels C and E (hypothetical data) and I and K (observed data). 
Likewise, slopes of the later-probe item position (while holding the earlier-probe item position fixed) are summarized in the 
single bar graphs in panels D and F (hypothetical data) and J and L (observed data). Error bars in slope bar graphs denote 
standard error of the mean. Asterisks denote significantly nonzero slopes ( p , .05).
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related item-recognition paradigm; see Jensen & Lisman, 1998), 
after which a two-item probe was displayed. Participants responded 
with the “.” and “/” keys and were instructed to respond as quickly 
as possible without compromising accuracy. After a posttrial delay 
of 500 msec, the participant pressed any key to continue. The next 
trial began after a delay of 400 msec. The “earlier” instruction (Fig-
ure 2A) was as follows:

Judge which of the two letters came earlier on the list you just 
studied. Press the “/” key if the earlier item from the list is 
presented on the right side of the screen and the “.” key if the 
earlier item is on the left side of the screen.

The “later” instruction (Figure 2B) was to 

Judge which of the two letters came later on the list you just 
studied. Press the “/” key if the later item from the list is pre-
sented on the right side of the screen and the “.” key if the later 
item is on the left side of the screen.

Keypresses were logged for both accuracy and RT. Each session 
comprised one block of 8 practice trials, followed by nine blocks of 
20 experimental trials, for a total of 188 trials. In the practice block, 
immediate feedback on correctness was given after each trial. The 
experimenter remained in the testing room during the practice block 
to ensure that participants understood the procedure. At the end of 
each experimental block, feedback on overall accuracy (% correct) 
and RT (msec) was given.

Data Analysis
RT for correct responses was our chief measure of interest. Ef-

fects were considered significant on the basis of an alpha level of 
.05, and post hoc pairwise comparisons were Bonferroni corrected. 
Mean and maximum error rates, respectively, were 10.5%/11.8% 
for “earlier” instruction participants and 10.1%/12.3% for “later” 
instruction participants. RT was examined as a function of the serial 
positions of the earlier- and later-probe items, as outlined at the be-
ginning of this article. The critical test of search direction depended 
on measuring the serial position slope of the earlier-probe item while 

Method

Participants
Eighty-eight University of Alberta undergraduate students with 

normal or corrected-to-normal vision participated for partial course 
credit. Data from 8 participants were excluded because their error 
rates were high (.30%). In each group, 40 participants were in-
cluded in the final analyses.

Materials
Stimuli were 16 consonants from the English alphabet displayed 

in capital letters. The letters S, W, X, and Z were excluded for consis-
tency with another study (van Vugt, Schulze-Bonhage, Litt, Brandt, 
& Kahana, 2009). Each list comprised 3–6 consonants drawn at ran-
dom without replacement from the stimulus pool, with the restriction 
that they must not have appeared in the two preceding lists. Prob-
ability was equal for each consonant/serial-position combination. 
LL was randomly drawn from a uniform distribution from three to 
six items. The experiment was created using the Python Experiment-
Programming Library (Geller, Schleifer, Sederberg, Jacobs, & Ka-
hana, 2007) and modified from an experiment by van Vugt et al. 
Probes were pairs of items drawn from the just-presented list and 
were sampled without replacement for a given list length from the 
set of all possible probe position permutations until all permutations 
were used; then the unique probe position pairs were used, after which 
the permutation set was restored as many times as needed. The use 
of all probe permutations is in line with Hacker (1980), McElree and 
Dosher (1993), and Muter (1979) and is standard for long-list JOR 
studies (e.g., Yntema & Trask, 1963) but deviates from Sternberg’s 
(1969) procedure, which tested only nearest-neighbor positions.

Procedure
The time course of a trial is depicted in Figure 2. After an ori-

enting stimulus, list items were presented for 575 msec each, with 
an interstimulus interval of 175 msec. Following the last list item, 
there was a 2,500-msec retention interval (to avoid the kinds of re-
cency effects that have previously confounded interpretation of a 

{ { {

{{ {

P M F K K M

400 msec 125 msec 175 msec{

1,000 msec 575 msec 500 msec

2,500 msec

Probe

Response Next Trial

{ { {

{{ {* P M F K K M

400 msec 125 msec 175 msec{

1,000 msec 575 msec 500 msec

2,500 msec

Probe

Response Next Trial

A Earlier Instruction

Later InstructionB

*
‘.’ ‘/’

‘.’ ‘/’

Figure 2. Time course of one experimental trial. Example of the “earlier” and “later” instructions using a four-item list. At 
test, two items are presented in random order, and the participant is asked to respond to the probe stimulus that occurred 
earlier (“earlier” instruction) or later (“later” instruction) in the just-presented list. The correct response item is depicted on a 
dark background in this figure only, not in the experiment itself. The key the participant would use to select each probe item is 
depicted underneath the probe item itself.
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performance measures: mean error rate, mean RT, and 
slope of RT as a function of LL, which is thought to be re-
lated to the rate of memory scanning (Sternberg, 1967). RT 
and mean error rate were regressed onto LL for each par-
ticipant, and slope of RT versus LL and LL zero-intercept 
were computed for each participant before carrying out 
statistics across participants. Linear regressions of RT on 
LL are plotted in Figure 3. A linear model explained about 
99% of the variance in both cases. Independent-samples 
t tests found no significant differences between “earlier” 
and “later” instructions in mean error rate, slope, or zero 
intercept of RT versus LL. Mean RT was higher for the 
“later” (M 5 1,550 msec, SD 5 70) than for the “earlier” 
(M 5 1,311 msec, SD 5 69) instruction [t(78) 5 10.2, p , 
.05]. Error rate and slope of RT versus LL did not differ 
significantly between instructions. A small but significant 
overall speed advantage was, therefore, found for the “ear-
lier” instruction.

Scanning Rate Differences Between Instructions
Finally, we asked whether scanning rate, as measured by 

the significant serial position slope, differed between in-
structions. An independent-samples t test on the absolute 
values of slope found the serial position slope for the later-
probe item in the “later” instruction to be significantly 
smaller than the serial position slope for the earlier-probe 
item in the “earlier” instruction [t(78) 5 10.2, p , .001; 
mean slopes: earlier-probe item in “earlier” 5 234 msec/
item; later-probe item in “later” 5 2170 msec/item].

Discussion

Our results support the hypothesis that even when the 
formal judgment is identical, the wording of JOR instruc-
tions may induce large qualitative differences in search 
strategy. Our results suggest a range of effective search 
strategies in short-list JORs. Specifically, there are at 
least two effective but distinct search strategies, both self-
terminating (Townsend & Wenger, 2004), that replicate 
prior findings in subspan JORs (Table 1). However, the 
strategies differed in search direction, depending on the 
precise wording of the instructions. Our findings chal-
lenge three classes of models, as discussed below.

Instruction Effects on Search Direction
We found an effect of instruction: The serial posi-

tion slope in the “earlier” instruction was significantly 
positive for the position of the earlier-probe item, while 
showing nonsignificant serial position slope for the posi-
tion of the later-probe item (Figures 1G, 1I, and 1J). This 
is consistent with the forward self-terminating search 
schematic in Figures 1A, 1C, and 1D. An opposite pat-
tern was seen in the “later” instruction, where the serial 
position slope was significantly negative for the position 
of the later-probe item and nonsignificant for the posi-
tion of the earlier-probe item (Figures 1H, 1K, and 1L). 
This is consistent with the backward self-terminating 
search schematic in Figures 1B, 1E, and 1F. Overall 
performance measures (Figure 3) revealed a significant 

holding the later-probe item fixed, and measuring the serial posi-
tion slope of the later-probe item while holding the earlier-probe 
item fixed. We estimated these slopes with linear regression, result-
ing in a total of LL-2 slopes for each LL and for each participant. 
To increase power and facilitate data analysis, we averaged these 
slopes across probe lags within each LL. Initially, we kept RT data 
separated for probes that were presented in the intact configuration 
(earlier-probe item on the left and later-probe item on the right) ver-
sus the reversed configuration (earlier-probe item on the right and 
later-probe item on the left). This resulted in four mean slopes for 
the earlier-probe position and four for the later-probe position for all 
combinations of LLs and probe configurations. Repeated measures 
ANOVAs were performed for the RT slopes for the earlier- and later-
probe items separately with two within-subjects factors, “list length” 
(four levels: 3, 4, 5, 6) and “probe configuration” (two levels: in-
tact vs. reversed), and one between-subjects factor, “instruction” 
(“earlier” vs. “later”). Because no main effects of “list length” or 
“probe configuration” or interactions were significant (all ps . .1), 
we averaged the serial position slopes across LL and probe configu-
ration. For illustration purposes, we present the RT data as 3-D bar 
graphs (Figures 1G and 1H), equivalent to the illustrations of our 
hypotheses in Figures 1A and 1B. When data are collapsed across 
LLs, each LL will contribute to a different subset of the bars in the 
3-D bar graphs. Thus, for the “earlier” instruction, serial positions 
were measured relative to the start of the list, whereas for the “later” 
instruction, serial positions were measured relative to the end-of-list 
(position “LL”) item.

Results

Visual inspection of the observed RT data (Figures 1G 
and 1H) and derived slope measures, as illustrated in Fig-
ures 1I and 1J, revealed a qualitative pattern that suggests 
that the “earlier” instruction data predominantly support 
the forward self-terminating model. Moreover, the 3-D 
bar graphs reinforce the resemblance of the “earlier” in-
struction data (Figure 1G) to the forward self-terminating 
prediction (Figure 1A). Indeed, the slope for the earlier-
probe item serial position was significantly larger than 
zero [t(39) 5 7.96, p , .001], and the slope for the se-
rial position of the later-probe item was close to zero 
[t(39) 5 1.94, n.s.], as predicted in Figures 1C and 1D. In 
contrast, the “later” instruction data (Figures 1K and 1L) 
predominantly supported the backward self-terminating 
model (Figures 1E and 1F), with a near zero, nonsignifi-
cant slope for the serial position of the earlier-probe item 
[t(39) 5 0.93, n.s.], but a significantly negative slope for 
the later-probe item serial position [t(39) 5 26.46, p , 
.001]. It is important to note that, although the “earlier” 
and “later” instructions differed in terms of which scan-
ning direction they resembled most, the RT data did not 
fit the predictions perfectly; rather, the observed serial 
position functions appear curvilinear, particularly for the 
“later” instruction. Although the observed qualitative dif-
ferences between instructions corroborated our hypoth-
esis, the proposed simple forms of forward and backward 
self-terminating search cannot fully explain participants’ 
performance in this task.

Overall Performance Measures
Apart from direction of search’s differing between in-

structions, we asked whether one instruction was less ef-
fective than the other by comparing the following overall 
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cedure, which included postpresentation forward serial 
recall, repeated presentations of the list, and testing ex-
clusively successive probe pairs. We did not include these 
factors. Our “earlier” instruction replicated the forward 
scanning pattern, suggesting that forward scanning is not 
uniquely reliant on Sternberg’s (1969) procedure.

Implications for Models
Our data inform the following four classes of models.
Exhaustive models. In exhaustive search, the memory 

comparison process continues, regardless of a positive or 
negative match. Substantial serial position effects were 
observed for both instructions, representing definitive 
evidence against purely exhaustive search (Townsend & 
Wenger, 2004).

Distinctiveness-based models. In distinctiveness-
based models, recall is dependent on how “distinct” items 
are from one another. In judgments of relative order, per-
formance should be better the greater the distance be-
tween the two probe items’ positions (Neath & Crowder, 
1996), as found in long lists (e.g., McDaniel & Bugg, 
2008; Yntema & Trask, 1963). A so-called “distance ef-
fect” (Estes, 1972) in our data would consist of a positive 
slope for the earlier-probe item position, combined with 
a negative slope for the later-probe item position. Con-
sistent with prior subspan findings, we did not observe 
distance effects, suggesting that distance effects are not a 

overall speed advantage for the “earlier” instruction, but 
the serial position slope was shallower for the “later” 
instruction, suggesting not that one search strategy is 
optimal but rather that the strategies reflect different 
trade-offs.

Participants’ Treatment of the Dual-Item Probe
The JOR involves a two-item probe. It is of interest to 

know how the two probe items are processed. For example, 
if the two items were processed one after the other with 
one probe processed first, there would be a bias toward the 
left-sided or right-sided probe item during the compari-
son process. We found no main effect or interactions with 
probe configuration (“intact” vs. “reversed”), suggesting 
that neither the left-sided nor the right-sided probe item 
dominates the memory search process (Hacker, 1980).

Comparison With Prior Findings
Our results for the “later” instruction are consistent with 

data from Hacker (1980), McElree and Dosher (1993), and 
Muter (1979), in that a robust backward, self-terminating 
search was observed. This suggests that factors in their 
experiments (Table 1), such as the short retention intervals 
and material types, were not alone responsible for back-
ward, self-terminating search. Sternberg (1969) reported 
forward, self-terminating search; however, it was unclear 
whether the result was a consequence of his unique pro-
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dominant pattern for either of our instructions. This chal-
lenges temporal and contextual distinctiveness accounts 
of judgments of relative order in short, subspan lists.

Limited-capacity parallel models. In limited-
capacity parallel search, the presence of additional items 
in the search set slows all search rates, enabling the 
model to explain an increase in RT with increasing LL 
(Townsend & Wenger, 2004). Consequently, an LL ef-
fect should be observed in scanning rate as measured by 
the serial position slope. Since this measure did not vary 
across LL in instructions, limited-capacity parallel mod-
els are challenged.

Unlimited-capacity parallel models. The absence of 
an LL effect in serial position slope is, however, compat-
ible with unlimited-capacity parallel models, wherein the 
search rate is constant, regardless of LL. Thus, an alternate 
account of our findings could be made within unlimited-
capacity, parallel-search models. As suggested in the be-
ginning of the article, rather than referring to forward and 
backward scanning direction (as is appropriate for serial 
scanning models), one could refer to scanning operation 
speeds increasing (in analogy to Page & Norris, 1998) or 
decreasing as a function of serial position, respectively.

Hybrid/mixture models. More complex model ac-
counts are possible, of course. Whereas serial position 
effects challenge pure exhaustive models, one could pro-
pose, for example, a two-pass model, wherein the par-
ticipant first searches exhaustively, then performs a self-
terminating search. With the present data, we cannot rule 
out these more complex models.

Conclusion
Prior studies were inconsistent regarding whether rela-

tive order memory search in subspan lists proceeds in 
the forward or backward direction. Our findings suggest 
that both strategies are easily induced, and reveal a ro-
bust effect of instruction on scanning direction. Incon-
sistent findings may be reconciled by considering how 
subtle differences in instructions may orient the partici-
pant’s attention predominantly toward the start or the end 
of a list. We observed two effective but distinct memory 
search strategies: The “earlier” instruction supported the 
forward-scanning, self-terminating model, whereas the 
“later” instruction supported the backward-scanning, self-
terminating strategy. Absences of (1) an LL effect on se-
rial position slope, (2) distance effects, and (3) flat serial 
position curves are incompatible with limited-capacity 
parallel-search, distinctiveness-based, and purely exhaus-
tive models, respectively, for JOR in short, subspan lists. 
Finally, our findings suggest that the cognitive basis of 
relative order judgments in memory is more flexible than 
previously thought.


