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ABSTRACT 32 

Generating sequences of multiple saccadic eye movements allows us to search our 33 

environment quickly and efficiently. Although the frontal eye field cortex (FEF) has been 34 

linked to target selection and making saccades, little is known about its role in the control 35 

and performance of the sequences of saccades made during self-guided visual search. We 36 

recorded from FEF cells while monkeys searched for a target embedded in natural scenes, 37 

and examined the degree to which cells with visual and visuo-movement activity showed 38 

evidence of target selection for future saccades. We found that for about half of these 39 

cells, activity during the fixation period between saccades predicted the next saccade in a 40 

sequence at an early time that precluded selection based upon current visual input to a 41 

cell’s response field. In addition to predicting the next saccade, activity during the 42 

fixation prior to two successive saccades also predicted the direction and goal of the 43 

second saccade in the sequence. We refer to this as advanced predictive activity. Unlike 44 

activity indicating the upcoming saccade, advanced predictive activity occurred later in 45 

the fixation period, mirroring the order of the saccade sequence itself. The remaining 46 

cells without advanced predictive activity did not predict future saccades, but 47 

reintroduced the signal for the upcoming saccade at an intermediate time in the fixation 48 

period. Together, these findings suggest that during natural visual search the timing of 49 

FEF cell activity is consistent with a role in specifying targets for one or more future 50 

saccades in a search sequence. 51 

52 
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INTRODUCTION 53 

 54 
Searching our visual environment is an essential skill, and is most effective when 55 

the targets for successive saccades are not chosen at random, but follow an internally 56 

generated plan (Aivar et al. 2005; Findlay and Brown 2006; Zingale and Kowler 1987). 57 

Although it is established that the frontal eye field (FEF) contributes to the control of 58 

voluntary saccadic eye movements in both humans and monkeys (for reviews see 59 

Goldberg and Segraves 1989; Schall 1997), little is known about the FEF’s role in the 60 

control of the series of multiple saccades made during visual search. Bruce and Goldberg 61 

(1985) demonstrated that the activity of about one-third of FEF cells is closely tied to 62 

saccadic eye movements, leaving a majority of cells which do not play a direct role in 63 

saccade production. Many studies support a role for these cells in visual selection to 64 

guide both covert and overt orienting responses (Sato et al. 2001; Sato et al. 2003; Schall 65 

2001; Schall and Hanes 1993; 1998; Schall et al. 1995; Thompson et al. 1996). In 66 

addition, there is increasing evidence that the FEF plays a role in the top-down control of 67 

visual attention (Buschman and Miller 2007; Moore and Armstrong 2003; Moore and 68 

Fallah 2001; 2004; Wardak et al. 2006), but see also Khan and colleagues (2009). Early 69 

human and monkey behavioral studies suggested that the FEF is involved in the 70 

generation of sequences of saccades (Collin et al. 1982; Luria et al. 1966). However, with 71 

a few notable exceptions (e.g. Balan and Ferrera 2003; Murthy et al. 2007; Tian et al. 72 

2000; Umeno and Goldberg 1997), the single saccade trial structure of most FEF 73 

neurophysiological studies was not intended to test the FEF’s role in generating multiple 74 

saccades. 75 
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In this study, we looked for evidence of FEF cell involvement in selecting future 76 

targets for the sequences of saccades made during self-guided search of two-dimensional 77 

images. Previously we have shown that while freely viewing natural scenes, FEF visual 78 

cell activity was modulated by the target of the upcoming saccade (Burman and Segraves 79 

1994b), and preliminary work done at that time suggested that the FEF was involved in 80 

selecting targets for future saccades (Burman and Segraves 1994a). Here we recorded 81 

FEF cell activity while monkeys searched scenes for an embedded target. This task 82 

allowed monkeys the freedom to direct saccades at will, but also forced them to assess 83 

the content of the scenes, thus providing a more realistic environment in which both top-84 

down and bottom-up forces were at work (Chen and Zelinsky 2006; Itti and Koch 2000; 85 

Pomplun 2006). Preliminary reports of these experiments have been published in abstract 86 

form (Phillips and Segraves 2007; Phillips and Segraves 2008). 87 

88 
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MATERIALS AND METHODS 89 

ANIMALS AND SURGERY 90 

Two female adult rhesus monkeys (Macaca mulatta) were used for these 91 

experiments and are identified in this report as MAS14 and MAS15. Northwestern 92 

University’s Animal Care and Use Committee approved all procedures for training, 93 

surgery, and experiments performed. Each monkey received preoperative training 94 

followed by an aseptic surgery to implant a subconjunctival wire search coil, a Cilux 95 

plastic recording cylinder aimed at the frontal eye field (FEF), and a titanium receptacle 96 

to allow the head to be held stationary during behavioral and neuronal recordings. All of 97 

these methods have been described in detail elsewhere (Dias and Segraves 1999; 98 

Helminski and Segraves 2003). Surgical anesthesia was induced with the short-acting 99 

barbituate thiopental (5-7 mg/kg IV), and maintained using isoflurane (1.0-2.5%) inhaled 100 

through an endotracheal tube. The FEF cylinder was centered at stereotaxic coordinates 101 

anterior 25 mm and lateral 20 mm. The location of the arcuate sulcus was then visualized 102 

through the exposed dura and the orientation of the cylinder adjusted to allow 103 

penetrations that were roughly parallel to the bank of the arcuate sulcus. Both monkeys 104 

had an initial cylinder placed over the left FEF. Monkey MAS14 later had a second 105 

cylinder place over the right FEF. 106 

BEHAVIORAL PARADIGMS 107 

We used the REX system (Hays et al. 1982) based on a PC computer running 108 

QNX (QNX Software Systems, Ottawa, Ontario, Ca), a real-time UNIX operating 109 

system, for behavioral control and eye position monitoring. Visual stimuli were generated 110 
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by a second, independent graphics process (QNX – Photon) running on the same PC and 111 

rear-projected onto a tangent screen in front of the monkey by a CRT video projector 112 

(Sony VPH-D50, 75Hz non-interlaced vertical scan rate, 1024×768 resolution). 113 

Visually guided and memory-guided delayed saccade tasks 114 

Monkeys fixated a central red dot for a period of 500-1000 ms. At the end of this 115 

period, a target stimulus appeared at a peripheral location. On visually guided trials, the 116 

target remained visible for the duration of the trial. On memory-guided trials, the target 117 

disappeared after 350 ms. After the onset of the target, monkeys were required to 118 

maintain central fixation for an additional 700-1000 ms until the central red dot 119 

disappeared, signaling the monkey to make a single saccade to the target (visually 120 

guided) or the location at which the target had appeared (memory-guided). The delay 121 

period refers to the period of time between the target onset and the disappearance of the 122 

fixation spot. These two tasks were used to characterize the FEF cells by comparing 123 

neural activity during four critical epochs. An FEF cell could be categorized by any 124 

combination of visual, delay, or pre-motor activity (see Data Analysis). Typically, trials 125 

of these types were interleaved with each other, and with the scene search tasks described 126 

below. However, in some cases there was only enough data for statistical analysis from 127 

one of the delayed saccade tasks. The visually guided task was also used initially to 128 

determine the response-field of the cell. 129 

Scene search task 130 

This task was designed to generate large numbers of purposeful, self-guided, 131 

saccades. Monkeys were trained to find a picture of a small fly embedded in photographs 132 
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of natural scenes (Figure 1A). After monkeys learned the standard visually guided and 133 

memory-guided search tasks, the target spot was replaced with the image of the fly. After 134 

30 minutes the scene task was introduced. Both monkeys used in this experiment 135 

immediately and successfully sought out the fly. The photographs were taken using a 136 

digital camera, and included scenes with engaging objects such as animals, people, 137 

plants, or food. After a few sessions performing this task, it became obvious that 138 

monkeys were finding the target after only one or two saccades. We therefore used a 139 

standard alpha blending technique to superimpose the target onto the scene. This method 140 

allows for varying the proportions of the source (target) and destination (the background 141 

scene) for each pixel, and was used to create a semi-transparent target.  Even after 142 

extensive training, we found that the task was reasonably difficult with a 65% transparent 143 

target, requiring the production of multiple saccades while the monkeys searched for the 144 

target. Monkeys began each trial by fixating a central red dot for 500-1000 ms, then the 145 

scene and embedded target appeared simultaneously with the disappearance of the 146 

fixation spot, allowing monkeys to begin searching immediately. The fly was placed 147 

pseudo-randomly such that its appearance in one of eight 45° sectors of the screen was 148 

balanced. Within each sector its placement was random between 3 and 30 degrees of 149 

visual angle from the center of the screen. Trials ended when the monkeys fixated the 150 

target for 300 ms, or failed to find the target after 25 saccades. Images of natural scenes 151 

were pseudo-randomly chosen from a library of >500 images, such that individual images 152 

were repeated only after all images were displayed. An essential feature of this task is 153 

that, although they searched for a predefined target, the monkeys themselves decided 154 

where to look. The location where the target was placed on the image did not predict the 155 
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amplitudes and directions of the saccades that would be made while searching for it nor 156 

the vector of the final saccade that captured it. 157 

______________________ 158 

Insert Figure 1 about here. 159 

______________________ 160 

NEURONAL RECORDINGS 161 

The recording of single neuron activity was done with tungsten microelectrodes 162 

(A-M Systems, Inc., Carlsborg, WA). Electrode penetrations were made through stainless 163 

steel guide tubes that just pierced the dura. Guide tubes were positioned using a Crist grid 164 

system (Crist et al. 1988, Crist Instrument Co., Hagerstown, MD). Recordings were made 165 

using a single electrode advanced by a hydraulic microdrive (Narashige Scientific 166 

Instrument Lab, Tokyo, Japan). On-line spike discrimination and the generation of pulses 167 

marking action potentials were accomplished using a multi-channel spike acquisition 168 

system (Plexon, Inc., Dallas, TX). This system isolated a maximum of 2 neuron 169 

waveforms from a single FEF electrode. Pulses marking the time of isolated spikes were 170 

transferred to and stored by the REX system. During the experiment, a real-time display 171 

generated by the REX system showed the timing of spike pulses in relationship to 172 

selected behavioral events. 173 

The location of the FEF was confirmed by our ability to evoke low-threshold 174 

saccades from the recording sites with current intensities of ≤50 μA, and the match of 175 

recorded activity to established cell activity types (Bruce and Goldberg 1985). To 176 
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stimulate electrically, we generated 70 ms trains of biphasic pulses, negative first, 0.2 ms 177 

width per pulse phase delivered at a frequency of 330 Hz. 178 

DATA ANALYSIS 179 

FEF cell characterization 180 

We examined average cell activity during four critical epochs while the monkey 181 

performed the memory-guided delayed saccade task to determine if the cell displayed 182 

visual, delay, or pre-motor activity. If not enough data was available from this task, data 183 

from the visually guided delayed saccade task was used. The baseline epoch was the 200 184 

ms preceding target onset, the visual epoch was 50-200 ms after target onset, the delay 185 

epoch was the 150 ms preceding the disappearance of the fixation spot, and the pre-186 

saccade epoch was the 50 ms preceding the saccade onset. FEF cells were characterized 187 

by comparing epochs in the following manner using the Wilcoxon sign-rank test. If 188 

average firing rates during the visual or delay epochs was significantly higher than the 189 

baseline rate, the cell was considered to have visual or delay activity respectively. If the 190 

activity during the pre-saccade epoch was significantly greater than the delay epoch, the 191 

cell was considered to have pre-motor activity. We found that FEF cells could exhibit the 192 

entire range of these activities, from having no significant levels of visual, delay, or 193 

motor activity to having significant levels of all three. These criteria are similar to those 194 

used by Sommer and Wurtz (2000). 195 

FEF cell response latency 196 

To determine the response latency of each FEF cell to a visual stimulus, we 197 

combined data from the visually guided and memory-guided saccade tasks. We 198 
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calculated a threshold level as 2SDs above the mean firing rate during the baseline epoch. 199 

Then mean firing rates were calculated by using a sliding 50 ms window incremented in 200 

1 ms steps starting from target onset. The midpoint of the 50 ms epoch in which the mean 201 

firing rate reached threshold was determined to be the response latency of the cell. 202 

Similar methods have been used to determine response latencies of neurons in other brain 203 

regions such as area MT (Bisley et al. 2004). 204 

Determining the response-field (RF) size 205 

The initial RF for a cell was determined using a joystick to position the target on 206 

the screen as the monkeys performed the delayed saccade tasks. As locations were 207 

sampled, a combination of real-time rasters and spike density functions, accompanied 208 

with audio monitoring of multi-unit activity, allowed us to find a good approximation of 209 

the center of the RF.  This location and its 180° opposite were typically used to collect 210 

data for the cell characterization analysis described above. For the scene search tasks 211 

however, it was essential to define the RF more rigorously in order to group the wide 212 

ranging saccade vectors obtained while monkeys were searching freely for the target. 213 

First, we took all saccades made during the scene search tasks, and removed the first 214 

saccade of each trial as well as the last saccade made to the target. This was to eliminate 215 

any interference from the onset of the scene, or the effect of the alpha-blended target on 216 

the cell’s activity. The remaining saccades were grouped by saccade angle into 18 217 

groups, each comprising a range of 20°. Average spike rates were calculated for each 218 

group from a period of 50-200 ms following the beginning of the fixation before the 219 

saccade. The average spike rate of each group was then compared to the group 180° 220 

away. If the difference between these two spike rates was greater than 2.5 times the 221 
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standard deviation of the activity obtained from all 18 groups, then the group with the 222 

higher rate was considered part of the cell’s RF. In this manner, we found cells with RF 223 

sizes with directions ranging from 20-60° across. For no cell did we find an RF 224 

comprised of multiple groups that were not spatially continuous. For the sequence 225 

analysis (see below), we also designated exclusion zones for the 20° sector bordering 226 

both the RF and the anti RF, the remaining areas are referred to as neutral zones (Figure 227 

1B and 1C). 228 

For our analyses, we did not take into consideration the amplitude of the saccades, 229 

although we did exclude saccades with amplitudes less than 2° of visual angle and greater 230 

than 40°. There were several reasons for this. First, the response-fields of FEF cells are 231 

not simply round, with a hot spot in the center (Gaussian). Most FEF cells have response 232 

fields that are log-Gaussian, meaning that after a certain amplitude the response of the 233 

cell does not change appreciably (Bruce and Goldberg 1985). Second, taking amplitude 234 

into consideration unnecessarily reduces the data set of saccades available for analysis. A 235 

subset of data for several cells was analyzed taking amplitude into account, and the 236 

results were not noticeably different. 237 

ROC discrimination time 238 

Receiver Operator Characteristic (ROC) analyses are often used in decision-239 

making and target-selection studies to determine the time at which a neuron’s activity 240 

differentiates to reflect a decision, or the presence of a target (Horwitz and Newsome 241 

2001; Kim and Shadlen 1999; McPeek and Keller 2002a; Sato et al. 2001; Thompson et 242 

al. 1996). We generated ROC curves from spike trains produced during the fixation 243 

period before saccades made into and away from the cell’s RF. Data was excluded from 244 
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analysis if the previous saccade was made within 20° of the RF or its opposite (Figure 245 

1C). Figure 2A shows a saccade that was excluded for this reason. 246 

The area under the ROC curve (AUC) is a measure of the degree to which the 247 

spike rates at a given time differ depending on the direction of the upcoming saccade. In 248 

order to determine the earliest time at which this differentiation occurred, the AUC was 249 

obtained for every 5 ms starting from 15 ms before the beginning of a fixation period 250 

until the onset of the saccade. We then used a bootstrap analysis similar to Horwitz and 251 

Newsome (2001) in order to evaluate the significance of the AUC values. The above 252 

analysis was repeated 2000 times, with random assignment of each saccade to one of two 253 

saccade direction groups before each repetition. Next, at each time point we compared 254 

the ‘true’ AUC to the 2000 AUCs obtained from shuffling saccades between the groups. 255 

If the ‘true’ AUC was greater than 1900 (95% confidence level) of the ‘false’ AUCs for 256 

10 consecutive intervals (50 ms) we assigned the time of the 1st of those 10 AUCs as the 257 

ROC prediction time (PT). 258 

______________________ 259 

Insert Figure 2 about here. 260 

______________________ 261 

262 
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RESULTS 263 

FEF CELL PREDICTIVE ACTIVITY FOR THE UPCOMING SACCADE DURING A SCENE SEARCH 264 

We recorded from 52 FEF visual (n = 37) and visuomovement (n = 15) neurons 265 

from 2 rhesus monkeys (M14, n = 31; M15, n = 21) as they searched natural scenes for 266 

an embedded target. ROC analysis determined that the vast majority of cells (49/52, 267 

94%) strongly modulated their activity during the scene search task depending on the 268 

direction of the upcoming saccade. The remaining analyses consider these, or a subset of 269 

these 49 cells. The ROC analysis allowed us to determine when the cell’s activity 270 

predicted the direction of the upcoming saccade. Figure 3 shows results from 271 

representative FEF visual and visuomovement cells. Both cells predicted the direction of 272 

the upcoming saccade at the beginning of the fixation period as indicated by the vertical 273 

green line.  Overall, the ROC prediction time for both visual (mean = 40 ms after the 274 

beginning of fixation, SD = 49 ms), and visuomovement cells (mean = 33 ms, SD = 43 275 

ms) occurred early in the fixation period. A t-test revealed no significant difference in 276 

these discrimination times (p-value = .62), and as a result, unless otherwise noted, 277 

subsequent analyses combine data from both visual and visuomovement cells. The mean 278 

prediction time for all 49 cells was 38 ms after the start of fixation, with an SD of 47 ms. 279 

For the ROC analysis of individual neurons with predictive activity, the minimum 280 

number of combined on- and off-direction saccades was 27, the maximum was 532. 281 

The mean prediction time was earlier than expected. In fact, it was less than most 282 

reported visual latencies for FEF activity (92 ms- Bruce and Goldberg 1985; 40-80 ms- 283 

Schall 2001; Thompson et al. 1996; 75 ms- Schmolesky et al. 1998). In order to make our 284 

own direct comparison between saccade prediction times in the Scene Search Task and 285 
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the visual latencies for the same FEF neurons, we employed a sliding 50 ms window on 286 

activity obtained from both visually and memory-guided delayed saccade tasks, and 287 

compared mean firing rates during successive periods to the baseline firing rate before 288 

target onset (see Methods). The results can be seen in Figure 3C. The mean response 289 

latency was significantly longer than the timing of the predictive activity reported above 290 

(mean = 58 ms; t-test, p-value = .0141), but within the range of previously reported FEF 291 

cell visual latencies. In fact, during the scene search task, nearly a quarter of cells (12/49) 292 

discriminated the direction of the upcoming saccade before the beginning of the fixation 293 

period that preceded it. Our ROC analysis began 15 ms before the start of fixation periods 294 

because we didn’t want to include activity generated when the eye was at a prior fixation 295 

location. The outcome of this was that the earliest statistically detectable prediction time 296 

was -15 ms. However, it was clear from looking at the spike density plots similar to 297 

Figure 3 that many of the 12 cells with pre-fixation prediction times began their 298 

discrimination much earlier than 15 ms prior to fixation. Thus, our calculated mean 299 

prediction time might in fact be later than it actually is. We consider predictive activity 300 

during prior fixation periods separately below. 301 

______________________ 302 

Insert Figure 3 about here. 303 

______________________ 304 

One explanation for this finding is that owing to the large size of FEF receptive 305 

fields, objects may stay in a cell’s receptive field for two successive fixation periods. If, 306 

in this situation, a saccade is made into the response-field after the second fixation period, 307 

early increases in activity could be due to visual responses to the content of the response-308 
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field during the first fixation period. To avoid this, we performed the same ROC analysis 309 

after removing all eye movement sequences that included saccades into the response-field 310 

where the endpoint of the saccade initiated from the previous fixation location also fell 311 

within the cell’s response field. An example of a saccade removed for this reason can be 312 

seen in Figure 2B. With these saccades removed, the mean prediction time for all cells 313 

increased to 56 ms (SD = 53 ms), and was significantly greater than the original 314 

prediction time determined without this control (paired t-test, p < .001), but did not differ 315 

from the visual response latency of the cells (t-test, p-value=.935). For the visual and 316 

visuomovement cell types, the mean prediction times were 56 ms (SD = 56) and 57 ms 317 

(SD = 50). Thus, despite removing the contaminating factor, activity predicting the vector 318 

of the next saccade exists coincident with the earliest FEF visual responses. These results 319 

strongly suggest that activity of these FEF cells is driven by extra-retinal components that 320 

begin to differentiate before information in the cells’ response-fields reaches the FEF, 321 

and precludes a selection process based solely upon that visual information. 322 

ADVANCED FEF CELL PREDICTIVE ACTIVITY BEFORE 2 SUCCESSIVE SACCADES 323 

Perhaps of equal importance to the first finding of early predictive activity for the 324 

upcoming saccade, was that the extremely early prediction times initially observed were 325 

in part driven by activity during a prior fixation (note that the preceding saccade was 326 

NOT towards the RF, see METHODS and FIGURE 2A). This led us to examine the ways in 327 

which activity during fixations might predict the outcome of future saccades. We looked 328 

for two types of predictive activity during the fixation period prior to two successive 329 

saccades during the scene search task. First, we determined if the activity during fixation 330 

could predict the vector of the second saccade of a pair of successive saccades. This is 331 
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referred to as 2nd saccade predictive activity. Gray circles in Figure 4A depict fixation 332 

periods preceding pairs of successive saccades used in this analysis. We compared cases 333 

in which the second saccade of a pair was either into or away from the cell’s response-334 

field. Next, we determined if the activity during fixation could predict the spatial 335 

location, or goal of the second saccade. The position of the endpoint of the second 336 

saccade is referred to as the goal of the 2-saccade sequence. Cells that predicted the goal 337 

of the sequence were said to have 2nd goal predictive activity. Gray circles in Figure 4B 338 

identify fixation periods preceding 2nd goals into and away from the cell’s response-field. 339 

Together, 2nd saccade and 2nd goal activity are referred to as advanced predictive activity. 340 

In many cases, both the 2nd saccade and the 2nd goal had similar vectors, and those pairs 341 

of saccades were not included in the analysis. Only sequences in which both the first 342 

saccade in the sequence and the goal of the sequence fell in neutral fields (green areas in 343 

Figure 1B and C) were included in the 2nd saccade analysis (Figure 4A – solid blue and 344 

red arrows), while only sequences in which both saccades landed in neutral fields were 345 

included in the 2nd goal analysis (Figure 4B – dashed blue and red arrows). An excluded 346 

saccade pair that did not meet these criteria can be seen in Figure 2C. Also excluded from 347 

the analysis were sequences that included the first or last saccade of a trial. For the ROC 348 

analysis of cells with 2nd saccade activity, the minimum number of combined sequences 349 

with on- or off-direction 2nd saccades was 12, the maximum was 131. For the analysis of 350 

cells with  2nd goal activity, the range of sequences used was 10-72. 351 

 352 

______________________ 353 

Insert Figure 4 about here. 354 
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______________________ 355 

Figure 5 shows representatives of four types of cells we encountered, each 356 

displaying a different pattern of predictive activity. The top row depicts a cell that 357 

exhibited 2nd saccade, but not 2nd goal predictive activity. Overall, 12% (6/49) of cells 358 

followed this pattern. The second row shows a cell that predicted the spatial location of 359 

2nd goals, but not the vector of 2nd saccades. This type of cell comprised 22% (11/49) of 360 

the cells we tested. Another 20% (10/49) of cells were similar to the profile of the cell 361 

shown in row three, and modulated their activity to indicate the direction of both 2nd 362 

saccades and 2nd goals. The remaining cells (22/49, 45%) did not have activity predictive 363 

of the 2nd saccade or goal (Figure 5, fourth row). It is clear from these data that at least 364 

two sub-populations of cells exist, those that predict the future 2nd goal and/or 2nd 365 

saccade (27/49, 55%), and those without any type of advanced predictive ability (22/49, 366 

45%). Considering all cells that included one or both types of advanced predictive 367 

activity, we found a slightly higher prevalence of 2nd goal over 2nd saccade activity 368 

(21/49, 43% versus 16/49, 33%). 369 

______________________ 370 

Insert Figure 5 about here. 371 

______________________ 372 

While these results are intriguing, they pose an interesting problem. If activity 373 

during a fixation period evolves to predict the next saccade as well as the saccade vector 374 

or goal that will follow the next saccade, how does the system ‘know’ which saccade to 375 

make? To address this issue, for those cells with 2nd saccade and/or 2nd goal activity, we 376 
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examined the time at which advanced predictive activity occurred during the fixation 377 

period, and compared it to the prediction time observed before the upcoming saccade. As 378 

noted above (page 14), when all 49 cells were included in the analysis, the mean 379 

prediction time for the upcoming saccade was 56 ms into the fixation period. However, 380 

when we only include the sub-population of cells with advanced predictive activity for 381 

2nd saccade and/or goal, the mean prediction time before the upcoming saccade drops to 382 

34 ms. On average, the activity of this same sub-population of cells predicted the 2nd 383 

saccade or goal later in the fixation period at 85 ms for 2nd saccade and 86 ms for 2nd 384 

goal (Figure 6A). A one-way ANOVA revealed a significant difference between these 385 

three means (F = 6.09, p = .004). Post-hoc analysis revealed that both 2nd saccade and 2nd 386 

goal activity occurred significantly later in the fixation period than activity predicting the 387 

upcoming saccade but were not different from each other. These results indicate that FEF 388 

vector and goal related activity is modulated sequentially during fixation periods. Early 389 

during the fixation period, activity of advanced predictive cells reflects the vector and 390 

spatial goal of the upcoming saccade (for the upcoming saccade, these are the same), 391 

while later in the fixation period, activity evolves to indicate the vector and/or spatial 392 

goal for the 2nd saccade in the sequence. Thus, the timing of differential activity might be 393 

used to determine the order of successive saccade vectors and goals.  394 

The lower mean prediction time of 34 ms for advanced predictive cells suggests 395 

that the remaining cells that did not have advanced predictive activity signal the target for 396 

the upcoming saccade later in the fixation period. To confirm this, we compared the 397 

prediction time before upcoming saccades for FEF cells with and without advanced 398 

predictive activity. FEF cells with advanced predictive activity did indeed differentiate 399 
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activity much earlier than other FEF cells (means = 34 ms and 69 ms respectively, t-test 400 

p-value = .013).  Thus, the original prediction time of 56 ms was actually an average 401 

derived from two sub-populations of cells that increase their activity at different times 402 

during the fixation period to indicate the direction of the upcoming saccade. When the 403 

prediction times from the different cell types depicted in Figure 5 were compared 404 

separately with a one-way ANOVA, post-hoc analysis showed cells that exhibited both 405 

types of predictive activity discriminated the upcoming saccade much earlier than cells 406 

without advanced predictive activity (Figure 6B; mean = 23 ms; F = 4.29, p-value = .02). 407 

Cells showing only 2nd goal activity tended to indicate the upcoming saccade earlier 408 

(mean = 40 ms), but this difference was not significant. Although the 2nd saccade group 409 

also showed an early mean prediction time (mean = 46 ms), it was not included in the 410 

analysis due to the small sample size. These results indicate that cells that predict the 411 

outcome of two successive saccades begin to indicate the outcome of the 1st saccade 412 

earlier than those cells that can only predict the next saccade.  413 

______________________ 414 

Insert Figure 6 about here. 415 

______________________ 416 

BEHAVIORAL EVIDENCE FOR SEARCH STRATEGY 417 

In order to better understand the underlying function of the neuron activities we 418 

observed, it is necessary to evaluate the strategies the monkeys used to perform the scene 419 

search task. The design of the task insured that the monkeys’ saccades were self-guided, 420 

but this did not guarantee that the movements were part of an active visual search versus 421 
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being made to locations chosen at random. In addition, we could not assume that the 422 

monkey identified the target when it appeared in the peripheral field of vision or if the 423 

target needed to be foveated to be identified. To distinguish between these possibilities, 424 

we examined the latency distributions of saccades made during this task. The purpose 425 

was 1) to look for evidence suggesting that the monkey identified the target before a 426 

saccade was made to it, and 2) to look for variations in saccade latency during the trial 427 

that would be consistent with latency patterns seen in active visual search. 428 

We looked first at the latencies of the final saccades of each sequence that landed 429 

on the target. These saccades consistently occurred at shorter latencies than those made 430 

while the monkey was searching the scene before the final saccade was made. This 431 

difference was statistically significant with saccades towards the target having an overall 432 

mean saccade latency of 207 ms, while other saccades had a mean latency of 241 ms. (p-433 

value < .001). Although saccade latencies tended to vary slightly day-by-day depending 434 

on the monkeys’ motivation, we observed only one instance in which the mean latencies 435 

of a given session did not follow this pattern. Figure 7 shows the mean latencies 436 

calculated for each recording session. Regression analysis shows a clear linear 437 

relationship such that as saccades towards the target increase in latency, so do those 438 

landing on other of portions of the scene (R2 = .84). The slope of the regression line was 439 

0.61, and all but 1 point lies below the dotted x=y line indicating that saccades to the 440 

target fly had shorter latencies. This finding suggests that the monkeys identified the 441 

location of the target before initiating the final saccade to fixate it.  442 

______________________ 443 

Insert Figure 7 about here. 444 
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______________________ 445 

 This overall latency trend does not preclude the possibility that some 446 

additional factor such as the ordinal number within a trial sequence, or the amplitude of 447 

the final saccade to the target is responsible for the shortened latency of saccades to the 448 

target. Therefore we compared target-saccade latencies to scene-saccade latencies 449 

according to the saccade number within a trial (Figure 8A). We found that while saccade 450 

latencies to the scene increased throughout the trial, those to the target remained 451 

relatively the same, and after the initial first 5 saccades, were consistently significantly 452 

shorter that those saccades made to portions of the scene without the target (t-test, alpha = 453 

.01). While the monkeys may have increased the amount of time fixating between 454 

saccades in an effort to examine the scene more carefully when they could not quickly 455 

find the target, it is clear that when they did find the target, saccades were made rapidly. 456 

The increase in latency for scene-directed saccades as the trial progresses could represent 457 

a gradual change in strategy to increase time spent inspecting portions of the image, as 458 

well as an increase in the number of re-fixations of locations that had been fixated earlier 459 

in the trial. For human subjects viewing natural images, these re-fixations have been 460 

shown to have longer durations (Hooge et al. 2005). 461 

A comparison of saccade amplitudes revealed that short latency saccades to the 462 

target were not simply due to a limited distribution of amplitudes for saccades to target 463 

versus saccades to the scene. Figure 8B shows that while saccades with amplitudes of 3 464 

to 5 degrees have shorter latencies when directed towards the target (t-test, alpha = .01), 465 

this was also the case for much larger saccades between 17 and 33 degrees (significance 466 

was only reached up to saccades 25 degrees in amplitude). Interestingly, middle ranged 467 
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saccades between 7 and 17 degrees appeared to have a fairly constant latency irrespective 468 

of amplitude or target of the saccade. Larger saccades between 17 and 31 degrees appear 469 

to get longer in latency if directed towards the scene, and shorter in latency when directed 470 

towards the target. The number of saccades greater than 31 degrees, both to the scene and 471 

to the target, was significantly much less, accounting for greater variability, and statistical 472 

analysis was unable to determine any trends.  It is clear from these results that the 473 

reduced latency of saccades directed towards the target was not simply the result of a 474 

limited range of saccade amplitudes or chance landings near the target. We also looked 475 

for a possible gradation of saccade amplitude across the duration of the trial, but did not 476 

find any correlation between amplitude and ordinal number in the trial. The tendency 477 

towards shorter latency for saccades made to the target may be analogous to the findings 478 

of Harwood and colleagues (2008) who found that human saccade latencies were shorter 479 

when attention was directed to a smaller stimulus feature, regardless of the distance of the 480 

feature from the fovea. This may be similar to the search behavior in our paradigm where 481 

the final saccade is made to a relatively small target, versus earlier saccades that are 482 

directed to larger portions of the scene so that they may be examined. Together, these 483 

analyses indicate that the monkeys identified the search target before a final saccade was 484 

made to foveate it, and that the distributions of latencies observed were consistent with 485 

those seen in human subjects during active visual search. 486 

______________________ 487 

Insert Figure 8 about here. 488 

______________________ 489 

490 
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DISCUSSION 491 

We examined the changes in activity in FEF visual and visuomovement cells 492 

during a scene search task that embedded a target in a natural image. Virtually all of these 493 

cells modulated their activity during scene search to predict the direction of upcoming 494 

saccades at latencies equal to or less than visual latencies determined in visually and 495 

memory-guided saccade tasks. In addition, the activities of a sub-population of slightly 496 

more than half of these cells predicted the saccade vector or spatial goal of the saccade 497 

that would follow the upcoming saccade. A unique aspect of these findings is that they 498 

were observed while monkeys made self-guided eye movements during the search of a 499 

natural image. Earlier studies, where one or more saccades were directed to target light 500 

spots or simple geometric shapes, established the involvement of FEF cells in predictive 501 

remapping of visual stimuli, the maintenance of a map of target salience or saccade 502 

probability, and the rapid early selection of saccade targets for corrective saccades (Balan 503 

and Ferrera 2003; Goldberg and Bruce 1990; Murthy et al. 2007; Thompson and Bichot 504 

2005; Thompson et al. 2005a; Tian et al. 2000; Umeno and Goldberg 1997). This report 505 

extends these findings to a more natural behavior where choice of saccade targets is 506 

directly motivated and controlled by the subject. Our findings will be discussed in light of 507 

these earlier reports. 508 

PREDICTIVE REMAPPING OF VISUAL ACTIVITY 509 

Only a limited number of studies have examined monkey oculomotor system 510 

activity during the performance of tasks where multiple saccades are made. One of the 511 

classic examples of these tasks is the double-step task where, while a monkey maintains 512 

fixation, 2 target lights are flashed in quick succession. Both target lights are 513 
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extinguished before the monkey can make a saccade, and the monkey is rewarded for 514 

making a pair of accurate saccades to the target locations in the order they were 515 

presented. Hallett and Lightstone (1976) demonstrated that human subjects are able to 516 

make a sequence of spatially accurate saccades to briefly flashed targets, and monkeys 517 

are also able to correctly perform the double-jump task (Mays and Sparks 1980). When 518 

the subject completes the first saccade, the location where the second target landed on the 519 

retina is no longer sufficient to make an accurate saccade to the target. The oculomotor 520 

system must also take into account the eye movement made to the first target. By 521 

subtracting the vector of the first saccade from the retinotopic location of the second 522 

target the system can map the true spatial location of the second target. In a remarkable 523 

discovery, Mays and Sparks (1980) described a class of cells in the SC they named 524 

Quasi-Visual (QV) cells. Although it’s unlikely that these cells performed the vector 525 

subtraction themselves, their activity represented the outcome of this process and 526 

provided a signal that coded the spatially correct location for the second target. The name 527 

Quasi-Visual reflects the combination of both sensory visual and extra-retinal efference 528 

copy (corollary discharge) input required to form the signal carried by these neurons. 529 

Goldberg and Bruce (1990) demonstrated that FEF cells with visual activity exhibited 530 

properties similar to the QV cells of the superior colliculus by signaling the correct 531 

spatial location of the 2nd saccade target in the double jump task. Using a task similar to 532 

the double-jump task with the main difference that it did not require that a saccade be 533 

made to the second stimulus light, Goldberg and colleagues found that the Lateral 534 

Intraparietal Cortex (LIP), the FEF, and the SC all show evidence for the remapping of 535 

retinotopic location of the stimulus to produce a spatially accurate map of stimulus 536 
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location (Duhamel et al. 1992; Umeno and Goldberg 1997; Walker et al. 1995). These 537 

results indicate that LIP, FEF, and SC are all capable of contributing to a process that is 538 

essential to control a sequence of saccades where future target positions must be updated 539 

after each movement in the sequence. 540 

Tian and colleagues (2000) looked at the process of updating target position in the 541 

FEF with a triple-step task where 3 target lights were flashed during the initial fixation 542 

period and the monkey made a sequence of 3 saccades to the remembered locations of the 543 

target flashes. This allowed them to test whether FEF QV cells coded exclusively for the 544 

spatial location of the next saccade in the sequence, or whether separate populations of 545 

QV cells coded for the locations of all of the targets remaining in the sequence – a map of 546 

target positions that would require updating after each saccade. Their results supported 547 

the latter possibility, suggesting that when the monkey makes a sequence of saccades, 548 

distinct populations of FEF QV cells code for the targets of each saccade in the sequence. 549 

The corollary of this is that for each saccade in the sequence, there must be a remapping 550 

to account for the movement and an activation of new populations of QV cells that code 551 

for the remaining targets. 552 

The experiments we describe in this report have extended the investigation of FEF 553 

activity during generation of multiple saccades to a natural image search task where the 554 

selection of targets for a series of saccades is under the volitional control of the monkey. 555 

All but a few of the visual and visuo-movement cells that we studied predicted the target 556 

of the next saccade before new sensory visual input from the point of fixation could be 557 

processed. About 25% of these cells predicted the target for the next saccade before the 558 

end of the prior eye movement. Within our population of cells that predicted the target of 559 



FEF Predictive Activity  25 

  

the next saccade, we found a sub-population of cells that display two forms of advanced 560 

predictive activity for the saccade that will follow the upcoming saccade. Activity during 561 

the fixation period before two successive saccades indicated the vector and/or spatial goal 562 

of the second saccade. The goal-related activity is similar to that reported when monkeys 563 

performed a triple-saccade task (Tian et al. 2000). A model for the generation of saccade 564 

sequences predicts that within the FEF there are neurons that encode for target locations 565 

in sequence, storing them in memory similar to the cells with 2nd goal activity that we 566 

found (Mitchell and Zipser 2003). FEF activity related to the vector or goal of the second 567 

saccade of a double-saccade task has been reported to begin immediately after the first 568 

saccade (Goldberg and Bruce 1990), but, during our scene search task, we found many 569 

cells actually began such activity before the beginning of the first saccade in the 570 

sequence. The FEF has also been shown to predict the future presence of a spot of light in 571 

a neuron’s response field (Umeno and Goldberg 1997) or the memory trace of a prior cue 572 

that will be the target for a future saccade (Balan and Ferrera 2003). In our paradigm, 573 

every saccade brings a new visual stimulus into the receptive field of every visual and 574 

visuomovement neuron in the FEF. Since all of the cells that showed predictive activity 575 

had visual responses, it is reasonable to interpret this activity as the product of a shifting 576 

receptive field effect. It’s important to emphasize that in our experiments, the shifting 577 

receptive fields are linked to making a saccade to the contents of the receptive field. 578 

Although each saccade provided new visual input to a neuron’s response field, the 579 

increases in activity were predictive of future saccade vectors and spatial goals, and thus 580 

were a part of a saccade planning process.  581 



FEF Predictive Activity  26 

  

The sub-population of cells with advanced predictive activity differed from other 582 

FEF cells not only in their predictive ability, but also in the timing in which they 583 

indicated the upcoming saccade. This difference, and the existence of the two sub-584 

populations, may account for some of the FEF’s involvement in the control of both 585 

upcoming saccades and future ones. Cells without advanced predictive activity 586 

modulated their activity to indicate the upcoming saccade later during the fixation period 587 

than those cells with advanced predictive activity (69 vs 34 ms after beginning of 588 

fixation). This reveals an organization in which advanced predictive cells specify the 589 

target of the upcoming saccade early during fixation. Later, these cells begin to specify 590 

the goal or vector for the saccade that will follow the upcoming saccade while cells 591 

without advanced predictive activity begin to indicate the direction of the upcoming 592 

saccade. This re-introduction of a signal for the upcoming saccade may be another way 593 

the system reinforces the proper order of saccades (Figure 9). It is also possible that cells 594 

without advanced-predictive activity are more closely linked to movement cells involved 595 

in the actual saccade generation process, although we found the proportion of visual and 596 

visuo-movement cells to be roughly equal between the two sub-populations with and 597 

without advanced predictive activity (Figure 10). Support for the late specification by 598 

advanced predictive cells of the spatial goal of the 2nd saccade comes from a study in 599 

which the left and right FEF were electrically stimulated with a delay of 30-250 ms 600 

between stimulus trains (Fujii et al. 1998). The result was a sequence of two saccades in 601 

which the first went to the movement-field of the first stimulated site, and the second 602 

went to a location within the movement-field of the second site referenced to the eye 603 
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position during stimulation. That is to say, the resulting sequence of saccades indicated 604 

that the second stimulation acted as an artificial 2nd goal activity, not 2nd saccade activity. 605 

______________________ 606 

Insert Figure 9 about here. 607 

______________________ 608 

 609 

______________________ 610 

Insert Figure 10 about here. 611 

______________________ 612 

The next problem to resolve in this process is how the 2nd saccade goal and vector 613 

signals are interpreted to indicate the direction of the upcoming saccade in the sequence. 614 

As Figure 4 demonstrates, depending upon the direction of the 1st  saccade, the directions 615 

of the 2nd saccade vector versus goal can be very different. This means that during any 616 

given fixation period, there could be at least 3 different focuses of activity within the 617 

FEF’s saccade representation. The highest level of activity would be at the site 618 

representing (in an oculocentric reference frame) the target of the next saccade to be 619 

made. All of the visual and visuomovement neurons examined in this study demonstrated 620 

they would contribute to this activity when the target for the saccade fell within their 621 

response field (see also: Burman and Segraves 1994b). In addition, there could be as 622 

many as 2 additional loci of activity at sites representing the saccade vector and spatial 623 

goal for the saccade that will follow the upcoming saccade. Our results suggest that one 624 

site would consist of cells with 2nd saccade vector as well as cells with combined 2nd 625 
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saccade vector and goal activity signaling the vector of the 2nd saccade in the sequence, 626 

the other site would consist of cells with 2nd goal activity and cells with combined 627 

activity signaling the vector and spatial goal of the 2nd saccade. Despite these separate 628 

loci of activity, this does not mean there is an ambiguity in the signals representing the 629 

target for the 2nd saccade, rather, the multiple sites are a consequence of the 2nd saccade 630 

target being represented in different reference frames. We think it is most likely that 631 

around the time of the 1st saccade, the predictive remapping process results in the 632 

cessation of activity at the 2nd goal locus and the validation and strengthening of activity 633 

at the 2nd vector locus. This strengthened locus of activity would then be in register with 634 

appropriate movement cells to generate the next saccade in the sequence. It is entirely 635 

possible that cells with 2nd saccade vector activity that we observed did not comprise a 636 

fundamentally different class of neurons separate from those with 2nd saccade goal 637 

activity. In fact, a number of cells modulated their activity to indicate the direction of 638 

both 2nd saccades and 2nd goals. Instead, 2nd saccade vector cells may be part of the sub-639 

population of cells with advanced predictive activity that show the effects of predictive 640 

remapping at an earlier time than do the cells identified with 2nd saccade goal activity 641 

alone.  642 

SALIENCE AND SACCADE PROBABILITY 643 

There are many factors working together to direct our gaze when we scan or 644 

search a natural scene. Models that rely on salience maps to predict eye movements do 645 

well when subjects freely view images, and appear to be relevant for both humans and 646 

rhesus monkeys (Berg et al. 2009; de Brecht and Saiki 2006; Itti and Koch 2001; 2000; 647 

Peters et al. 2005). However, it has been known for some time that bottom-up influences 648 
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cannot entirely account for scan paths, especially when people are not freely viewing a 649 

scene. Asking subjects to evaluate a scene in different ways, or to memorize its content, 650 

results in scan paths that focus on specific elements of the scene and ignore others 651 

(Hayhoe and Ballard 2005; Yarbus 1967). In effect, cognitive control overrides the 652 

automatic bottom-up saliency of objects, and makes objects that match an internal 653 

representation of the target more salient (Pomplun 2006). Our search task elicited this 654 

form of top-down control as monkeys searched scenes for the embedded target. Our 655 

results show that changes in a FEF cell’s activity that predict future saccades are likely to 656 

be based upon internal plans to make saccades or shift attention to particular locations. 657 

As mentioned above, in our paradigm, every saccade brings a new visual stimulus into 658 

the receptive field of every visual and visuomovement neuron. Under these conditions, 659 

visual elements in the image with a high level of saliency may increase a cell’s activity; 660 

possibly even before the eye movement that places the salient stimulus in the receptive 661 

field. We are currently investigating this possibility (Fernandes et al. 2009). For this 662 

report, however, our findings depend entirely on where the monkey moved its eyes. 663 

For the oculomotor field, the term salience carries more than a pure bottom-up 664 

sensory meaning to include top-down influences important for guiding eye movements 665 

under task conditions (Thompson et al. 2005a). Even though it has been shown that the 666 

representation of salience or saccade probability in FEF can be dissociated from actual 667 

saccade production, we cannot make that separation in our experiments (Bichot et al. 668 

2001; Thompson et al. 1997; Thompson et al. 2005b). We have no independent measure 669 

of the monkey’s intent. We can examine the data only with respect to where eye 670 

movements are made. Nevertheless, our results are entirely consistent with and lend 671 
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support to the idea of a target salience or saccade probability map in the FEF where 672 

during each fixation, the locus of highest activity specifies the vector of the upcoming 673 

saccade. This locus of highest activity would be accompanied by other less robust loci of 674 

activity arising from cells with advanced predictive activity representing the goal of the 675 

2nd saccade as well as a remapped spatial goal signal in the form of an oculocentric 2nd 676 

saccade vector signal. 677 

RAPID TARGET SELECTION 678 

Becker and Jürgens (1979) demonstrated that under conditions where the delay 679 

between first and second target light is sufficiently short, saccades can be programmed in 680 

parallel in the double step task. Murthy and colleagues (Murthy et al. 2007; Murthy et al. 681 

2001) have demonstrated that a similar process takes place in a search-step task where the 682 

search target is moved to a new location at a variable delay before the beginning of the 683 

saccade to the original target location. As the delay between target appearance at its 684 

original location and its step to a new location increased from 30-140 ms, there was 685 

increasing probability that a saccade would be made to the first target location followed 686 

by a corrective saccade to the new location of the target. Under these conditions, FEF 687 

visual, visuomovement, and movement neurons all showed increases in activity that were 688 

preparatory for the corrective saccade at or even before the end of the first saccade that 689 

was made in error to the original location of the target. This activity is analogous to what 690 

we observe in the scene search task in that the changes in activity of visual and 691 

visuomovement neurons occur before new visual input at the end of the error saccade is 692 

available. In the search-step task, this provides a rapid mechanism for generating 693 

corrective saccades. Murthy and colleagues (Murthy et al. 2007)  report mean ROC 694 
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discrimination times of 40 ms after the end of the first saccade for visual neurons and 60 695 

ms for visuomovement cells. This is comparable to the discrimination times we found of 696 

56 ms for visual and 57 ms for visuomovement cells. Similar activities have been 697 

observed in the monkey SC by McPeek and Keller (2002b), who observed increases in 698 

activity of visuomovement neurons analogous to the 2nd goal activity seen in our 699 

experiments. In the scene search task of our experiments, we have not developed a way to 700 

distinguish when the monkey is making a corrective saccade or an abrupt change in plans 701 

regarding where to make the next saccade. The prevalence of early predictive activity that 702 

we see suggests that it is part of the normal saccade generation process and is not present 703 

only when abrupt changes in saccade target are introduced. 704 

PLANNING SACCADE SEQUENCES DURING NATURAL IMAGE SEARCH 705 

The processes of predictive visual remapping, maintenance of salience and 706 

saccade probability maps, and the rapid correction of error saccades are all components 707 

of a saccade planning process. Our analysis of saccade latencies during scene search 708 

indicate that the monkey identified the target before it was foveated, and revealed 709 

distributions of latencies that were similar to those generated by humans engaged in 710 

active visual search (Harwood et al. 2008; Hooge et al. 2005). These findings infer the 711 

presence of a plan for future movements beyond the next movement in the sequence. 712 

Whether or not the monkey makes a plan for multiple saccades at a conscious level is 713 

unknown. Nevertheless, our results along with those described above demonstrate FEF 714 

activities that comprise a movement plan that includes the next saccade as well as the one 715 

that will follow it. It is unknown whether or not this plan extends further into the future. 716 

Clearly the FEF does not function alone in this process. The supplementary eye field, for 717 
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example, has been implicated in saccade ordering in learned sequences of saccades 718 

(Histed and Miller 2006; Isoda and Tanji 2003; Lu et al. 2002). 719 

There is a rich history of studies to reveal if and how sequences of multiple 720 

movements are planned. Early studies of rapid movement sequences focused on 721 

behavioral evidence for planning, arguing that increases in reaction time for longer 722 

sequence lengths in speech and typing experiments were due to advanced planning 723 

(Rosenbaum et al. 1983; Rosenbaum et al. 1984; Sternberg et al. 1978). Advanced 724 

planning theories argue that motor programs for movement sequences are constructed 725 

and stored before motor execution begins and that the latency for the first movement 726 

reflects the time to retrieve information from a stored plan (Henry and Rogers 1960). 727 

Studies of sequences of saccades in humans have also shown increases in latency 728 

with sequence length. In a study by Inhoff (1986), human subjects were required to make 729 

1 to 3 saccades after the appearance of a visual cue. The paradigm was run under two 730 

different conditions. In the parafoveal cue condition asterisks on the screen after the go-731 

signal served as targets for the saccades, and saccades could be programmed and 732 

generated serially. In the no cue condition, subjects were told the number of saccades to 733 

make before a block of trials began, and had to maintain an internal representation of the 734 

motor program in memory. Saccade latency increased only in the no-cue condition, 735 

suggesting that saccade sequences can be programmed and executed by different 736 

mechanisms. Shortly after the Inhoff study, Zingale and Kowler (1987) reported a linear 737 

increase in first saccade latency as the number of saccades in the sequence increased. In 738 

contrast, other studies of human saccades have failed to show a response complexity 739 

effect between sequences of single and multiple saccades (Pratt et al. 2004; van 740 
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Donkelaar et al. 2007), most likely due to differences in tasks used versus those used by 741 

Inhoff, Zingale, and Kowler. These differences emphasize that different tasks may recruit 742 

different motor sequence planning mechanisms. 743 

The structure of the scene-searching task attempted to approximate real-world 744 

conditions. The design of pop-out oddball discrimination tasks forces the choice of next 745 

saccade to take place after the search array appears and the target has been identified.  No 746 

plan can exist before fixation starts, or even while fixating before array onset. Saccades in 747 

the real world however are not made in isolation. During natural visual search, visual 748 

processing is continuous, and what lands in a cell’s receptive field may have already been 749 

identified during a previous fixation. Under these conditions, plans for future eye 750 

movements may develop continuously within sub-populations of FEF neurons, with the 751 

timing and strength of activity modulation playing a crucial role in determining the order 752 

and direction of future eye movements. 753 

754 
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FIGURE LEGENDS 948 

FIGURE 1.  SCENE SEARCH TASK. A. Sample scene with embedded target fly. Monkey’s 949 

eye traces during the trial appear in yellow. Bottom right: zoom in on target for better 950 

visibility. B. Extraction process for saccades of this trial. Blue = response-field; Red = 951 

anti-response-field; Green = neutral fields; Gray = excluded border zones. C. Polar plot 952 

of vector endpoints for all saccades made while recording activity from the neuron with 953 

response-field depicted in part B. 954 

 955 

FIGURE 2.  SACCADES EXCLUDED FROM ANALYSIS. Activity recorded at the colored 956 

fixation spots were excluded for varying reasons. A. Although saccade A is towards the 957 

response-field, activity recorded while fixating at the gray spot is excluded because the 958 

vector of the preceding saccade also was directed towards the response-field. B. Saccade 959 

B was excluded in our second analysis because due to the size of FEF response-fields, the 960 

portion of the scene located around the gray spot was in the cell’s response-field for two 961 

successive fixation periods (blue and green spots). Therefore, early increases in activity 962 

while fixating at the green spot could have been due to prior activation during the 963 

previous fixation period. C. Second goal activity recorded while fixating at the location 964 

marked by the blue spot was excluded because although the 2nd goal (the endpoint of 965 

vector C) was towards the response-field, the second saccade (saccade B) was as well. 966 

 967 

FIGURE 3. EARLY PREDICTION TIMES DURING THE SCENE SEARCH TASK. A. Representative 968 

visual cell. Rows 1 and 2 show spike rasters and spike density curves for mean firing 969 
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rates during the fixation period prior to saccades made into the response-field (Blue), and 970 

into the anti response-field (Red). Row 3 compares the firing rates between the two 971 

conditions, and indicates the ROC prediction time (Green line). Black vertical lines 972 

indicate the beginning of the fixation period before the saccade (red dots in rasters). 973 

Activity occurring after the mean saccade latency shaded in gray. Row 4 displays the 974 

same cell’s activity during the memory-guided saccade task. Activity is aligned by target 975 

onset (left) and saccade onset (right). Onset of visual response indicated by vertical green 976 

line. The cell fires strongly after target onset, but not before the saccade. B. 977 

Representative visuomovement cell. C. Comparison between the mean visual response 978 

latency and the ROC prediction times for visual and visuomovement cell. Mean visual 979 

response latency was significantly greater than the ROC prediction times for either type 980 

of FEF cell. 981 

 982 

FIGURE 4.  SECOND SACCADE AND SECOND GOAL DETERMINATIONS. Solid arrows 983 

indicate examples of two successive saccades. Often a single trial yielded multiple 984 

saccade pairs for analysis. Activity obtained during the fixation period preceding the 985 

saccade pairs was analyzed for predictive activity (gray circle). A. Second saccade 986 

analysis. Instances in which the 2nd saccade was directed into the response-field (top, 987 

solid blue arrow) were compared with cases in which the 2nd saccade was directed away 988 

from the response-field (bottom, solid red arrow). These sequences were included 989 

because vectors of both the 1st saccade (solid green arrows) and the 2nd goal (dotted green 990 

arrows) fell in neutral areas far from the response-field or its opposite direction. B. 991 

Second goal analysis. Instances in which the 2nd goal was within the response-field (top, 992 
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dotted blue arrow) were compared with cases in which the 2nd goal was located in a 993 

direction opposite to that of the response-field (bottom, dotted red arrow). These 994 

sequences were included because vectors of both the 1st saccade and 2nd saccades (solid 995 

green arrows) fell in neutral areas far from the response-field or its opposite. The circular 996 

inset in the lower right corner depicts the cell’s response field in a manner identical to 997 

Figure 1B. 998 

 999 

FIGURE 5. TYPES OF 2ND SACCADE AND 2ND GOAL PREDICTIVE ACTIVITY. We found cells 1000 

that displayed 2nd saccade and/or 2nd goal predictive activity, as well as cells that did 1001 

neither. Left. Firing rates during fixation periods in which the 2nd saccade was directed 1002 

toward (blue) and away from (red) the response-field. Right. Firing rates during fixation 1003 

periods in which the 2nd goal was located either within (blue) or at a location opposite to 1004 

the response-field (red). Black vertical line indicates the beginning of the fixation period 1005 

preceding the pair of saccades. Vertical green line mark the time at which ROC analysis 1006 

indicated that advanced predictive activity occurred. Time after the mean latency of the 1007 

1st saccade shaded in gray. Row 1. A cell that could predict only the 2nd saccade of a 1008 

sequence, but not the goal. Row 2. A cell that could only predict the 2nd goal of a 1009 

sequence, but not the 2nd saccade. Row 3. A cell that could predict both the 2nd saccade 1010 

and the 2nd goal of a sequential pair of saccades. Row 4. A cell that did not display any 1011 

advanced predictive activity. 1012 

 1013 

FIGURE 6.  TIMING OF PREDICTIVE ACTIVITY. A. Comparison between prediction times 1014 

for upcoming saccades and future saccades. Activity that predicts the upcoming (1st) 1015 
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saccade occurs significantly earlier in the fixation period than that of the 2nd goal or 2nd 1016 

saccade. Indicated by asterisk. B. Prediction times before the upcoming saccade. When 1017 

FEF cells are divided into those with advanced predictive activity and those without, a 1018 

clear distinction can be seen. FEF cells that combined both types of advanced predictive 1019 

activity indicated the direction of the upcoming saccade significantly earlier than FEF 1020 

cells that did not display advanced predictive activity. Indicated by asterisk. Cells with 1021 

only 2nd goal activity also showed earlier prediction times, but this did not reach 1022 

significance. 1023 

 1024 

FIGURE 7.  SHORTER SACCADE LATENCIES TO TARGET. Saccade latencies towards the 1025 

target are plotted against saccade latencies towards other portions of the scene during the 1026 

search. Each black dot represents mean latency data from one recording session. 1027 

Regression line in solid black. Dotted black line indicates expected values if there were 1028 

no difference in latency between the two conditions. 1029 

 1030 

FIGURE 8. LATENCY AND AMPLITUDE FOR SACCADES TO SCENE AND TARGET. A. 1031 

Comparison of latency of saccades to the target versus saccades to non-target portions of 1032 

the image as a function of saccade order in the trial Asterisks mark number of saccade in 1033 

trial where latency of saccade to target was significantly less than saccade to a non-target 1034 

part of the scene. B. Comparison of saccade latencies and amplitudes for target and non-1035 

target saccades. Asterisks mark saccade amplitudes where latency of saccades to non-1036 

target parts of scene were significantly longer than saccades to the target. Vertical Bars 1037 

mark standard error of the mean. 1038 
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FIGURE 9. RELATIVE TIMING OF FEF VISUAL AND VISUOMOVEMENT CELL ACTIVITY FOR 1039 

THE GENERATION OF A SEQUENCE OF 2 SACCADES. After the start of fixation, at relative 1040 

time-point A, cells with advanced predictive activity are the first to signal the direction of 1041 

the upcoming saccade (S1). Later, at time-point B, cells without advanced predictive 1042 

activity also signal the direction for S1. Later in the fixation period at time-point C, 1043 

advanced predictive cells signal the spatial goal (G2) and saccade vector (S2) for the eye 1044 

movement that will follow the upcoming saccade. The relative times of these activities 1045 

are based upon the values illustrated in Figure 6 and discussed in the text. 1046 

 1047 

FIGURE 10. DISTRIBUTION OF FRONTAL EYE FIELD CELLS WITH AND WITHOUT ADVANCED 1048 

PREDICTIVE ACTIVITY. This diagram shows the relative numbers of visual neurons with no 1049 

motor activity and visuomovement neurons with motor activity. The distribution of these 1050 

2 cell types across the groupings of cells with and without advanced predictive activity 1051 

was roughly the same. 1052 

 1053 
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