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Abstract

Nearly all studies on perception and cognition have used discrete responses to infer internal
cognitive processes. In the current study, we demonstrate that visually-guided manual reach-
ing can provide new opportunities to access internal processes over time. In each trial, partic-
ipants were required to compare a single digit Arabic number presented on the center square
with the standard, 5. Participants were asked to reach and touch one of three squares on the
screen with their index finger while their hand movement trajectories were recorded: the left
square for 1-4, the center for 5, and the right for 6-9. Direct evidence for an analogue repre-
sentation of numbers was found in early as well as in later portions of hand trajectories, show-
ing systematic shifts in position for small differences in numerical magnitude.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

For decades, various aspects of human cognitive and perceptual processes have
been inferred based on reaction times and accuracies obtained from discrete
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responses such as key pressing. Yet, these discrete responses cannot represent inter-
nal processes developing over time. One of our aims is to support the view that
human cognitive and perceptual processes are continuous and dynamic even when
the responses required of the participants are discrete and categorical. Although this
dynamic view is generally accepted in neurophysiology where continuous temporal
dynamics of neural activities can be directly observed, these are not usually available
in studies on human perception and cognition (see Spivey & Dale, 2004 for review).

However, recent studies have begun to shed light on the importance of dynamic
aspects in cognitive processes. For instance, Spivey, Grosjean, and Knoblich
(2005) suggested that continuous measurements of hand movements more directly
reveal internal language processes. They asked participants to drag a mouse to an
auditorily specified target picture, while a distractor picture was presented on the
opposite side. Mouse-tracking trajectories were attracted more toward a distractor
when the target and distractor were from the same lexical cohort such as “candle”
and “candy”. This demonstrated a dynamic online competition between simulta-
neously activated lexical representations (Magnuson, 2005). Boulenger et al. (2006)
also examined an interaction between language processes and overt motor behavior.
They showed that depending on whether action words were processed before or after
the movement onset, reaching movements were either interfered or facilitated.

Song and Nakayama (2006) demonstrated a similar advantage using a visually-
guided reaching task. Goal-directed reaching trajectories obtained from participants
pointing to an odd-colored target among distractors reflected ongoing changes in
focal attention allocation. Highly curved trajectories were directed first towards a
distractor and quickly corrected to the target, showing that motor plans compete
even after these rapid movements are initiated. Therefore, these studies further sup-
port that action tasks can reveal internal states as they unfold over time.

In addition, results from goal-directed action tasks are interesting because neuro-
psychological patients (Milner & Goodale, 1992, 1995; Stoerig & Cowey, 1997), and
normal participants (Aglioti, DeSouza, & Goodale, 1995; Haffenden & Goodale,
1998) have shown functional and anatomical dissociation between visual perception
and spatial-motor action. For instance, a patient with apperceptive agnosia (Milner
& Goodale, 1992, 1995) can still perform appropriate motor actions such as reaching
and grasping for objects, even when they cannot see them. Thus, action tasks provide
hidden aspects that are not revealed in perception and cognitive tasks alone.

In the current study, we introduced a goal-directed reaching task, and generalized
the applicability of continuous measurements to the mental representation of num-
bers. In each trial, three squares were presented on a screen, and the center square
contained an Arabic digit between 1 and 9. Participants were asked to execute man-
ual pointing as quickly as possible to the left square for numbers smaller than 5, the
right for numbers larger than 5, or to the center for 5 while their hand movement
trajectories were recorded (Fig. 1).

Moyer and Landauer (1967) were the first to report that reaction times and error
rates systematically decrease as the numerical distance between two numbers
increases. This numeric distance effect has been observed in adults as well as infants
and animals (Antell & Keating, 1983; Dehaene, Dupoux, & Mehler, 1990; Gallistel &



996 J.-H. Song, K. Nakayama | Cognition 106 (2008) 994—-1003

LI

Until response

LI

y
upward
+
downward
700~800ms
R ——
left right X
starting position
forward i

Fig. 1. Number comparison task. Participants were asked to touch the left square for numbers smaller
than 5, the right square for those larger than 5, or the center for 5. x (left-right), y (upward—downward)
and z (forward) axes indicate three directions of reaching movements.

Gelman, 1992; Xu & Spelke, 2000). The distance effect that can be seen with arbi-
trary symbols such as Arabic digits supports the idea that numbers are automatically
encoded based on their analogical quantity, and that the proximity relations between
them are spatially preserved along the mental number line (Dehaene, Bossini, & Gir-
aux, 1993; Dehaene et al., 1990; Moyer & Landauer, 1967). This effect is also seen
even when the numeric comparison was not obligatory such as in same-different
matching or priming tasks (Dehaene & Akhavein, 1995). Furthermore, numerous
studies have claimed that the mental number line has an orientation such that small
numbers are represented to the left and large ones are to the right (e.g., Dehaene
et al., 1993, 1990).

The characteristics of number representations have been typically examined with
discrete responses such as key pressing. Patterns of reaction times in numeric com-
parison tasks have critically contributed to resolving a variety of issues about how
numbers are represented in the brain. However, this is an indirect inference based
on the relative duration for completing an entire sequence of processes, and does
not reveal the intermediate processes occurring over time. Some studies have
attempted to investigate spatial representations of numbers more directly.

For instance, Fischer and colleagues applied goal-directed saccades or pointing to
number parity tasks. In accordance with previous studies, they also showed that sac-
cades and manual pointing were executed faster when the left target was assigned to
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small digits and the right target to large digit. These studies, therefore, further dem-
onstrate the association of number magnitudes with spatial response codes (Fischer,
2003; Fischer, Warlop, Hill, & Fias, 2004). In addition, Ishihara et al. (2006) asked
participants to reach for a target presented in one of five horizontally varying loca-
tions when the target was an odd number. They found that reaction time decreased
as the congruity between target locations and number values increased, claiming that
there is a continuous mapping between space and number representations. Yet,
because they did not find a relationship between number representations and move-
ment time, they concluded that this interference of number processing on action is
limited to motor preparation.

In all of these studies, however, movement trajectories were not examined. Our
endeavor in the current study is to map heretofore invisible internal cognitive pro-
cesses of numeric comparison by measuring such trajectories in three dimensions.

2. Methods
2.1. Participants

Nine right-handed Harvard University students participated in the study for
course credit. They all had normal or corrected-to-normal visual acuity. All experi-
mental procedures were approved by the Harvard University Institutional Review
Board.

2.2. Stimuli

The visual display was back projected on an upright plexi-glass screen
(43 cm x 35 cm). Three white unfilled squares (2° x 2°) were equally spaced horizon-
tally against a black background. The middle square was located on the center of the
screen and the centers of the other two squares were 12° left or right from the center
of the middle square. A white single Arabic digit (1-9) was presented on the center
square (Fig. 1).

2.3. Task

Participants were tested individually in a semi-darkened room. They were seated
48 cm in front of the visual display. In each trial, a black screen with a white cross
fixation mark was presented for 700-900 ms. Then three squares were presented,
with the center square containing an Arabic digit between 1 and 9. Participants were
asked to execute manual pointing as quickly as possible to the left square for num-
bers smaller than 5, to the right for those larger than 5, or to the center for 5 (stan-
dard), while their hand movement trajectories were recorded (Fig. 1). Because there
could be interference with left-right reading and typical number line arrangement,
we did not counter balance the left-right response rule (Dehaene et al., 1993). When
participants touched one of the squares, a beep indicated whether participants
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selected the correct response and the display disappeared. The inter-trial interval was
1000ms. Participants performed 5 blocks, each consisting of 64 trials. In total, the
numeric 5 appeared as the target in 160 trials, and the other eight numbers were pre-
sented 20 times each as the target. Thus, participants were exposed to the equal num-
bers of standard and non-standard targets. Participants practiced 60 trials before the
experiment, consisting of 2 demonstration trials each for the three groups, and 54
trials presenting the numeric 1-9 equally as the target.

2.4. Measuring hand movements

Hand movements were tracked with a Fastrak electromagnetic position and ori-
entation measuring system (Polhemus Inc.) with a sampling rate of 120 Hz. The
small position-tracking sensor (0.89” x 0.50” x 0.45") was attached to the tip of the
right hand index finger. The starting position (3 cm X 3 cm) was marked on the table,
which was approximately aligned with the body midline and 27 cm in front of the
participants. Participants were required to put their index finger on the starting posi-
tion to initiate each trial. The tracking system was calibrated for each block with nine
distributed points.

2.5. Data analysis

Movement data were transmitted to a Power Mac G4 by Vision Shell library
(www.visionshell.com) for off-line analysis to identify the onset and offset of move-
ments. Hand velocity exceeding a threshold of 10 cm/s demarcated the onset of the
movement. Each trajectory was visually inspected to verify the appropriateness of
this criterion, and was adjusted by hand if necessary. Manual adjustment was needed
very rarely, in less than 1-2 trials per participant. Only trials in which participants
touched the correct target were included for further analysis.

Total time was defined as the interval between stimulus onset and the end of
pointing movements, divided into two components: reaction time and movement
time. Reaction time was defined as the interval between stimulus onset and the begin-
ning of the movement and movement time was defined as the interval between move-
ment onset and the end of pointing movement. Trials in which movements were
initiated earlier than 100 ms or completed in excess of 1500 ms after the target onset
were excluded as anticipatory movements or outliers. Less than 2% of the trials were
eliminated because of this criterion. Initial movement direction was the angular devi-
ation from the mean trajectory toward the center square.

3. Results

First, we will briefly describe results from the analysis of conventional time and
accuracy indexes and then focus on the movement trajectories. As shown in Table
1, total times, the interval between stimulus onset and the end of pointing move-
ments, decreased as the target-standard distance increased and this comparison
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Table 1
Mean reaction time, movement time, total time, and accuracy as a function of target-standard distances

(SE)

Reaction time (ms) Movement time (ms) Total time (ms) Accuracy (%)
Distance 1 338(42) 497(28) 836(55) 92(3)
Distance 2 327(49) 495(26) 822(49) 93(3)
Distance 3 328(39) 489(29) 817(51) 93(4)
Distance 4 320(38) 488(29) 808(51) 96(3)
Standard 313(33) 474(28) 787(48) 93(3)

almost reached statistical significance, F(3,24)=2.98, p =.051. Total times were
divided into reaction times (between stimulus onset and the beginning of the move-
ments) and movement times (between movement onset and the end of pointing move-
ments). Reaction times and movement times showed the same decreasing linear trend
as the target-standard distance increased as in total times but it was not statistically
significant, ps > .1. There was no difference in accuracies for the numeric distance
conditions, F(3,24) =1.87, p <.2. Consistent with previous studies (see Dechaene,
1997 for review), we observed the trend of the numeric distance effect in these mea-
surements although these results were much less obvious than trajectory measure-
ments, which we describe below.

Movement trajectories of participants performing the numeric comparison task
demonstrated numeric distance effects. Fig. 2 shows trajectories of typical responses
to the numbers 1-5. When the target was 5 (standard), movements were directed
towards the center square (Fig. 2a). Fig. 2b—e demonstrate that there was a system-
atic shift of initial trajectories towards a hypothetical position on a number line
intermediate between the numeral 1 and 5 positions (straight ahead). For example,
when a numeral 1 was presented, the trajectory was straight as the finger moved
to the correct square (left). However, when a numeral 4 was presented, there are
examples where a movement was directed closer to the center of the display, swerv-
ing along a curved path to the correct response square. Thus, it showed that as the
numeric distance decreased, movements were curved more towards the center
response square. This progressive deviation provides additional and more direct evi-
dence for the existence of a mental number line. From the traces, it is evident that
this deviation can occur early in the trajectory.

In order to systematically investigate this number line representation, we exam-
ined the evolution of trajectories over time. For further analyses, all responses were
collapsed based on the target—standard distance, irrespective of direction. For exam-
ple, left and right responses to the number 1 and the number 9 were collapsed as the
target—standard distance 4.

For each participant, we averaged movement trajectories based on target—stan-
dard numeric distances. Following Spivey et al. (2005), trajectories were individually
normalized by resampling 101 equally spaced time points (0-100%) during move-
ment time. Corresponding x, y, z positions were computed by the linear interpola-
tion. Fig. 3 depicts trajectory deviations in the x direction (left-right) from the
standard for each of the four target-standard distances. Higher values along the



1000 J.-H. Song, K. Nakayama | Cognition 106 (2008) 994—-1003

-10 0 10
Left Right (cm)

10 10

Fig. 2. Manual reaching trajectories for the standard ((a), center square), and targets smaller than the
standard ((b—e), left square). This is an example from a typical participant. The participant usually made
direct movements to the center square (a). In contrast, for numbers between 1 (b) and 4 (e), movement
trajectories are on average less direct to the left square and more curved towards the center square as the
target-standard numeric distance decrease. These trajectories are three-dimensional, but for clarity we
only show the x (left-right) and y (upward—-downward) dimensions, which are most relevant for the
numeric distance effect. Response squares are not drawn to scale for demonstration purpose.

y-axis indicate trajectories that are more deviated from trajectories toward the center
square. Fig. 3 shows that as the target-standard distance increases, the mean trajec-
tory is deviated more from the standard trajectory.

To document how these differences unfold over time, in every 5% time slice
(5-100%), we conducted repeated ANOVA on the deviation from the standard
trajectory in the four target-standard distance conditions. We found statisticallysig-
nificant numeric distance effects in the x direction (p < .05) continuously from 30% to
95%. The endpoint of reaching (100%) were also linearly separated according to the
numeric line, F(3,24) = 3.78, p <.025 (Fig. 3 inset), consistent with Fischer (2001), in
which number processing led to spatial biases when participants were asked to bisect
numeric strings.

During this period (30-100%), the linear contrasts were also all significant
(p <.005). Thus, the first indication of the numeric line (30%) was =480 ms after
the target onset, that is, ~150 ms after the movement initiation. Furthermore, Initial
movement direction, which was the angular deviation from the direction of standard
trials, also confirmed that at 150 ms after the movement onset, trajectory directions
were deviated linearly more from the standard as the numeric distance increased,
F(3,24) =13.0, p <.001. Mean initial movement direction for target-standard dis-
tances 1-4 were 12 (SE = 1.6), 14(1.7), 15(1.6), and 16(1.4) degrees, respectively.
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Fig. 3. Mean trajectory deviations from the standard trajectory across all participants. The inset shows
mean deviations in endpoints from that of the standard condition as a function of the target-standard
numeric distance.

Therefore, these results demonstrated that movement trajectories were deviated
more from the standard as the numeric distance increased. This finding is the short-
est latency numeric magnitude effect reported. Previous studies using key pressing
reaction times (Moyer & Landauer, 1967; Dehaene et al., 1993, 1990) typically
showed much longer latencies because they measure the endpoint of the process,
including the final motor output. We think that this early detection is possible
because our task allowed in-flight correction.

Taken together, these results demonstrate that with this relatively small number
of participants, continuous trajectories afford more sensitive and robust results than
previous methods, also providing new information about internal processes as they
evolve over time.

4. Discussion

In the current study, characteristics of trajectories showed that numeric magni-
tude of the target is spatially encoded, and the proximity and orders between num-
bers are spatially represented along a hypothesized mental number line. The greater
the numeric deviation, the greater is the deviation of the trajectory. It is worth noting
that there are no visual stimuli in the left and right boxes. Thus, the differences in the
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initial direction and the curved trajectories reflect internal competition processes
between numeric representations rather than perceptual competition.

Compared to typical perceptual or cognitive tasks requiring discrete responses
such as button pressing or verbal reporting, our results provided more direct evidence
for a spatial number representation. Instead of inferring intermediate cognitive pro-
cesses based on the final reaction times, action tasks can provide information about
internal states as they unfold over time. We also found that the influence of the con-
tinuous numeric line is not limited to the motor preparation stage, but also altered
entire movement trajectories. In addition, with a small number of participants, we
empirically observed that trajectory measurements could be more robust and sensitive
than discrete time measurements for revealing ongoing cognitive processes.

Taken together, the close coupling of higher level cognitive processes and the
details of overt behavior suggest new applications. Details of trajectories could be
efficacious for various populations such as young children, clinical patients or ani-
mals. For example, in our previous visually-guided reaching studies, we found that
pointing trajectories reveal the site of focal attention as it moves from one item to
another (Song & Nakayama, 2006) as well as revealing a competitive motor program
elicited by a masked word, which participants were not aware of (Finkbeiner, Song,
Nakayama, & Caramazza, in press).
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