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Abstract 

Deal or no deal? Hold ‘em or fold ‘em? Buy, hold or sell? When faced with uncertainty, a wise 

decision-maker evaluates each option and chooses the one they deem most valuable. Scientists 

studying decision making processes have spent much theoretical and experimental effort formalizing 

a framework that captures how decision makers can maximize the amount of subjective value they 

accrue from such decisions. This thesis tested two hypotheses. The first was that subjective value 

guides our simplest and most common of motor actions similar to how it guides more deliberative 

economic decisions. The second was that subjective value is allocated across pre-motor regions of 

the brain to make our actions more efficient.  To accomplish these goals, I adapted a paradigm used 

by behavioural economists for use in neurophysiological experiments in non-human primates. In our 

task, monkeys repeatedly make quick, orienting eye movements, known as saccades, to targets, 

which they learned through experience, had different values.  In support of the hypothesis that 

subjective value influences simple motor actions, the speed with which monkeys responded, known 

as saccadic reaction time (SRT), and their saccadic choices to valued targets were highly correlated 

and therefore both acted as a behavioural measures of subjective value. Two complimentary results 

support the hypothesis that subjective value influences activity in the intermediate layers of the 

superior colliculus (SCi) – a well-studied brain region important to the planning and execution of 

saccades - to produce efficient actions.  First, when saccades were elicited with microstimulation, we 

found that the timing and spatial allocation of pre-saccadic activity in the SC was shaped by 

subjective value.  Second, the baseline preparatory activity and transient visual activity of SCi 

neurons prior to saccade generation was also influenced by subjective value.  Our results can be 

incorporated into existing models of SC functioning that use dynamic neural field theory. I suggest 

that saccades of higher subjective value will result in higher activation of their associated neural field 

such that they will be more likely and more quickly selected.   In summary, this thesis demonstrates 
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that subjective value influences neural mechanisms, not only for deliberative decision making, but 

also for the efficient selection of simple motor actions. 
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Imagine you are a contestant on the game show “Deal or no Deal”.  At the start, you 

choose one of 50 brief cases. Each briefcase contains a unique monetary value with a known 

distribution and range from $0.01 to $1,000,000.  As the game progresses, you are instructed to 

open additional cases, having their values revealed to you, while the value of your chosen case 

remains unknown.  After a certain number of cases are opened, the game show host informs you 

that you can either settle on a given amount of money, based on the potential values of the cases 

that are left, or allow you to keep playing.  Let us suppose, for example, that through process of 

elimination, we know that, of two remaining cases, one contains $1 and the other $1,000,000.  

The game show host informs you that you can play further and win either $1 or $1,000,000, or 

you can opt to cut a deal and walk away with $300,000.  Which do you choose?  Do you take the 

safe bet and walk away with less money then you could have potentially won, or do you roll the 

dice, hoping that your chosen case will have the highest value? 

Decision scientists have studied such economic choices and can provide us with an 

answer that, on average, will maximize our rate of reward over time (i.e., stick with our 

briefcase).  Subsequently, these economic models have been modified to capture why most 

people would cut a deal for the safer bet of $300,000.  Surprisingly, what occurred in the brain 

during such decisions was not traditionally considered of importance perhaps because the 

appropriate tools for investigating brain function did not exist until recently.  The general goal of 

this thesis is to examine the underlying neural mechanisms involved in making decisions under 

uncertainty.  More specifically, first I aim to demonstrate that the models that describe economic 

decisions can also predict how we choose simple motor actions. Second, I aim to demonstrate 

that brain activity known to be involved in preparing these actions also reflects components of 

this decision making process. 
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1.1 A Neuroeconomics Approach 

When faced with a number of options, economists contend that a decision maker will 

assign values to each and then choose the option they perceive as having the highest value.  A 

normative value computation was developed by Blaise Pascal in a correspondence with Pierre de 

Fermat in 1654 to describe how decisions should be made when faced with uncertainty (Arnauld 

and Nichole, 1662).  A friend of Pascal came to him with the following question:  Suppose two 

gamblers of equal skill are playing a game, but wish to leave before finishing.  Given their 

current scores, how should the remaining stakes be divided?  Pascal and Fermat devised a proof 

that the remaining stakes should be divided based on each player’s probability of being 

rewarded, given the rules of the game, and the magnitude of reward available to each player, 

based on the stakes they have made.  Probability and magnitude are given equal weight, leading 

to the following equation: Expected Value = Reward Probability x Reward Magnitude. 

Returning to the original example, the contestant playing Deal or No Deal would be wise 

to consider whether the hosts’ offer exceeded the expected value of continuing to play the game.  

Based on expected value, the decision maker should accept 50% chance at $1,000,000 + 50% 

chance at $1 (expected value of $500,000.50) over the sure bet of $300,000 (expected value of 

$300,000).  However, our own intuition and past economic experiments show that most people 

would take the sure bet in this case, violating the reward-maximizing strategy of following 

expected value.   

  A solution to this discrepancy was proposed by the Swiss mathematician Daniel 

Bernoulli (Bernoulli, 1738).  Bernoulli contended that rather than evaluating options based on 

their relative expected values, humans evaluate options based on their own internal estimate of 

value that he referred to as “moral value”.  This moral value represents the usefulness, or, utility 
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that a sum of money has to a specific person.  He observed that a particular amount of money is 

valued more when a person is poor than when he is wealthy, meaning that the utility of a sum of 

money decreases as wealth increases.  This gives rise to an expected utility function that is 

concave over states of wealth. In other words, as rewards increase, we sense as though they 

impart ‘diminishing returns’.   

Von Neumann and Morgenstern (1944) furthered this theory by creating a set of simple 

axioms that can explain preferences based on expected utility theory.  One such axiom was the 

“sure-thing principle”. This principle stated that if two acts yield the same consequence when a 

particular state is obtained, then a decision maker’s preference should not depend on the 

consequence that is common to both acts.  For example, consider a game that determines which 

fruit is won.  You are presented with two options.  In option A, if a coin-flip results in heads, you 

win an apple, and if it results in tails, you win a banana.  In option B, heads results in winning 

and orange and tails results in winning a banana.  Clearly, when choosing between these options, 

the potential to win a banana is irrelevant, and the only information that matters is whether you 

prefer an apple to an orange.   

This principle exposed a fallacy within expected utility theory known as the “Allais 

Paradox”.  Suppose that you have to choose between two different lotteries.  Choosing lottery A 

simply pays you $1 million.  Choosing lottery B enters you into a 10% chance $5 million, an 

89% chance of receiving $1 million and a 1% chance of receiving nothing.  Given this choice, 

most people tend to choose lottery A, to avoid the small risk of receiving nothing.  This supports 

the notion that reward magnitude has a decreasing marginal utility proposed by expected utility 

theory.  However, now consider the following two lotteries.  Lottery C offers an 11% chance at 

winning $1 million and Lottery D offers a 10% chance at winning $5 million.  Given these two 
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new options, most will opt for lottery D because the decrease in winning by 1% is negligible 

compared to the jackpot which is 5 times larger than C.  Although deciding to pick A over B and 

D over C is seemingly common-sense, it violates the “sure-thing” principle.  If we convert the 

percentages to payment schemes attached to different lottery tickets numbered 1 to 100 (Table 

1.1) we can see why.  The only difference between decision 1 (Lottery A vs. Lottery B) and 

decision 2 (Lottery C vs. Lottery D) is that tickets 12-100 in decision 1 are rewarded with a $1 

million payout, whereas these same tickets in decision 2 are unrewarded.  This principle (and 

expected utility theory) fails because it assumes that the difference between 100% and 99% is 

subjectively the same as the difference between 11% and 10%.   

In an attempt to understand this observation, Daniel Kahneman and Amos Tversky, 

devised a series of studies with the goal of assessing attitudes towards decisions under conditions 

of uncertainty across a wide range of probability and reward conditions (Kahneman and Tversky, 

1979; Tversky and Kahneman, 1992).   Subjects were allowed to pick between a gamble and a 

sure thing.  Kahneman and Tversky then modified the payout of the sure bet until subjects were 

indifferent between choosing it or the gamble, that is, subjects viewed the gamble and the sure 

thing as being equivalent in value.  This “Certainty Equivalent” is a powerful tool, as it allows 

for comparison between the objective value of a gamble (i.e., its expected value) and how the 

decision maker subjectively values the gamble (Tversky and Kahneman, 1992).  By determining 

the certainty equivalent for a range of gambles, Kahneman and Tversky were able to assess how 

human decision makers responded to different probability and reward conditions.  This data led 

to the creation of the leading theory of decision making under uncertainty – Prospect Theory. 

As opposed to Expected Utility Theory, which weights reward magnitude non-linearly 

and reward probability linearly, Prospect Theory weights both probability and reward magnitude  
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Table 1.1: The Allais Paradox Presented as a Lottery 

 Ticket Numbers 

1 2-11 12-100 

A $1,000,000 $1,000,000 $1,000,000 

B $0 $5,000,000 $1,000,000 

C $1,000,000 $1,000,000 $0 

D 0 $5,000,000 $0 
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non-linearly before multiplying them (Figure 1.1).  Additionally, whereas Utility Theory 

determines the value of an action in absolute terms, Prospect Theory determines this value from 

a "reference point", a point that is not simply the accumulated wealth of the decision maker, but 

represents the current state of the decision maker across many parameters (Glimcher, 2011; 

Tversky and Kahneman, 1992).  For the purposes of this thesis we will label the product of non-

linear probability and non-linear reward as Expected Subjective Value. Prospect Theory can 

explain decision making patterns that deviate from the Expected Value (and Expected Utility) 

framework via distortions in the shapes of the reward magnitude and probability functions.  The 

inverse S-shape of the probability weighting function (Figure 1.1B) can explain the over-

weighting of low probability and the under-weighting of nearly guaranteed events which help 

explain why we play lotteries and buy insurance, respectively (Abdellaoui, 2000; Camerer and 

Ho, 1994; Gonzalez and Wu, 1999; Prelec, 1998).  The reward weighting function (Figure  1.1A) 

is concave for the area above the reference point (gains) and convex for the area below the 

reference point (losses), which captures the risk averse attitudes towards gains, such as the 

sayings “a bird in the hand is worth two in the bush” and “quit while you’re ahead” and risk 

seeking attitudes towards losses that lead to the dubious “double or nothing” strategy and the 

difficulty in our ability to “first stop digging once you find yourself in a hole” (Kahneman et al., 

1997; Samuelson and Zeckhauser, 1988).  These weighted functions present a sophisticated tool 

by which neuroscientists can model how changes in expected subjective value affect brain 

signals (Hsu et al., 2009; Paulus and Frank, 2006; Trepel et al., 2005).   
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Figure 1.1: Reward Magnitude and Probability weighting functions from Prospect Theory 

Adapted from Kahneman and Tversky, 1979.  A.  The subjective weighted reward magnitude 

function as a function of objective gains and losses.  B. The subjective weighted probability 

function as a function of the objective probability of a chance event.  
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In recent years, a new field has emerged that attempts to adapt these economic theories 

for use with modern brain imaging techniques. Neuroeconomics is a multidisciplinary field that 

combines aspects of neuroscience, psychology and microeconomics to study decision making 

(for review see Glimcher, 2003; 2011; Zak, 2004).  This approach has the distinct advantage in 

that it takes decision factors such as goals and context, that are difficult to quantify and study in a 

laboratory setting, and replaces them with decision factors that can be manipulated precisely, 

such as reward probability and magnitude, the two components of expected subjective value.   

Neuroscientists have recently adapted the experimental paradigms by which economists 

determine expected subjective value (i.e. certainty equivalent questionnaire involving verbal or 

written language or mathematical gambles) so that probability and reward outcomes are 

represented with abstract symbols (Cai et al., 2011; Rorie et al., 2010; So and Stuphorn, 2010; 

Yang and Shadlen, 2007).  In these studies, monkeys are trained to discern the probability or 

liquid reward magnitude of a saccade target based on attributes such as colour or shape. Other 

studies rely on repetition to allow monkeys to learn the values of the available options through 

experience (Ding and Hikosaka, 2007; Dorris and Munoz, 1998; Ikeda and Hikosaka, 2003; 

Lauwereyns et al., 2002; Takikawa et al., 2002).  In these studies, monkeys are presented with 

the same two options over and over, and through trial and error, determine which option they 

prefer.  Overall, these studies have demonstrated that it is possible to study the influences of 

probability, reward and value on behaviour and neural activity in the monkey model.  Although 

these studies have helped scientists understand how value is represented in the brain, the exact 

process by which value guides motor actions is poorly understood. 
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1.2 Model Behaviour: Saccadic Eye Movements 

We chose the saccadic eye movement system as a model with which to study the effects 

of subjective value on choosing and preparing simple motor actions.  Many mammals produce 

saccadic eye movements to realign their field of vision and fixate upon a target of interest (Hall 

and Moschovakis, 2004).  These saccades are especially important for primates, which have a 

specialized region of the retina, known as the fovea.  This area offers the highest visual acuity 

and is located in the centre of the visual field (Leigh and Zee, 2006).  Furthermore, a 

disproportionate amount of the visual cortex is devoted to processing data from the foveae 

compared to the rest of the retina.  Therefore, the best way to extract the most detail from a 

visual target is to align it with the fovea, which is conducted, in large part, by saccades.   

In a classic study performed by Alfred Yarbus (Yarbus, 1967), it was discovered that 

these saccadic eye movements are not only directed by bottom-up factors, such as colour, motion 

and luminance (Desimone and Duncan, 1995), but also top-down factors related to decision 

making, such as goals and context.  In this study, Yarbus attached a minute mirror to the eyeball 

of his subjects, which reflected light onto a piece of carbon paper.  This primitive setup allowed 

Yarbus to track where subjects were looking at any given time.  He then presented subjects with 

a variety of paintings, first letting his subjects passively view them with no instruction.  After 

this initial step, Yarbus would then ask his subjects to analyze the paintings in a specific way, 

such as asking who the oldest or tallest person was.  Upon being given a specific task, subjects’ 

eye movement patterns changed dramatically.  The differences in the pattern of saccades could 

not be attributed to bottom-up sensory processes because the picture was identical in all cases.  

Since that time, many studies have demonstrated the ability of various top-down factors to 
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influence the pattern of saccadic eye movements (Chun and Nakayama, 2000; Godijn and 

Theeuwes, 2002; Gowen et al., 2005; Walker et al., 2006). 

The saccadic eye movement system has a number of advantages that make it an ideal 

model for studying decision making.  Eye tracking technology allows for eye position to be 

recorded accurately and non-invasively.  Furthermore, the anatomy and physiology of the 

mechanisms involved in generating saccades are easy to study.  Only three antagonistic pairs of 

muscles control the eyeball, there are minimal effects of inertia and there is a complete absence 

of external load.  Lastly, saccades are very stereotyped in nature (Wurtz and Goldberg, 1989).  

Unlike other motor systems, the neural circuitry controlling saccades is housed entirely within 

the skull, offering a stable platform for neural recordings.  Consequently, the saccadic eye 

movement system is one of the best understood sensorimotor systems.  

This thesis is concerned with whether the expected subjective value of potential targets is 

related to the parameters associated with saccade generation.  Two behavioural metrics that are 

likely candidates for this role are saccade choice and saccade reaction times (SRTs).  Whereas 

neuroeconomists have demonstrated that choice preference in the primate model can act as a 

measure of reward, probability and expected subjective value (Cai et al., 2011; Rorie et al., 2010; 

So and Stuphorn, 2010; Yang and Shadlen, 2007), the same has not been shown in SRT.  SRTs 

have been used to study a wide variety of behaviours (repetition effects, Dorris et al., 2000; 

attention, Fecteau et al., 2004; motivation, Roesch and Olson, 2004; inhibition of return, Dorris 

et al., 2002; Pro- vs. anti-saccades, Everling and Munoz, 2000).  SRTs may also act as a 

behavioural measure of expected subjective value, like choice preference.  In support of this, 

changes in SRTs have been found to correlate with reward magnitude, probability and expected 

value (Basso and Wurtz, 1998; Ding and Hikosaka, 2007; Dorris and Munoz, 1998; Ikeda and 
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Hikosaka, 2003; Lauwereyns et al., 2002; Milstein and Dorris, 2007; Takikawa et al., 2002).  

Lastly, whereas choice preferences are bounded (i.e. a subject can choose an action a maximum 

of 100% of the time or a minimum of 0% of the time), SRTs are continuous.  On any given trial 

of a free choice paradigm, a subject only has a binary choice between two options, but on a 

forced-choice saccade task, the SRT can vary over a wide range of values.  This means that 

variations in SRT on a trial-by-trial basis may reflect moment-to-moment changes in value.  If 

SRT can be established as a behavioural measure of subjective value, then neural signals within 

brain areas related to the preparation, selection and execution of saccades may reflect the 

expected subjective value of available options. 

1.3 Superior Colliculus: A candidate region for combining value and spatial 

information for choosing efficient saccades 

Saccadic eye movements are controlled by a broadly distributed network of brain areas 

(Figure 1.2). Of these, only the superior colliculus (SC) and Frontal Eye Fields (FEF) connect 

directly to the brainstem saccade generator, responsible for producing the muscle commands that 

drive eye movements.  The relative importance of these two structures with regards to saccade 

generation has been studied in a series of ablation experiments. 

The ablation of both SC and FEF resulted in the inability to produce visually guided 

saccades (Schiller et al., 1980), but when only one of these two structures is ablated, the system 

recovers over time (Schiller et al., 1980; 1987). These early studies attributed this recovery to 

some form of parallel pathway by which FEF or SC were responsible for saccade production, 

and could compensate for the ablation of one structure, but not both (Schiller and Sandell, 1983; 

Schiller et al., 1980; 1987).  However, when the SC was inactivated with bicuculine, the direct 

pathway between the FEF and brainstem (Figure 1.2) thought responsible in part for saccade  
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Figure 1.2: Brain areas involved in the planning and execution of saccadic eye movements 

Adapted from Hikosaka et al., 2000.  Lines with a single arrowhead indicate a unidirectional 

flow of information from one brain area to another.  Lines with arrowheads on both ends indicate 

bidirectional information flow between brain areas.  (-) indicates an inhibitory connection. 
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generation was unable to compensate, suggesting that compensation occurred not because of 

parallel pathways, but because of long-term plasticity in the brain (Hanes and Wurtz, 2001).  

Together these studies demonstrate that the SC is a particularly important structure required for 

the generation of saccades. 

The SC displays several properties that make it an ideal location for the study of saccadic 

decision making. The SC is a laminated structure that has both strong sensory and motor 

functions.  Visual inputs from the retina are directly mapped onto the superficial layers of the SC 

as a two-dimensional representation of visual space.  The intermediate layers of the SC (SCi) 

have motor functionality.  When the SCi is stimulated with a sufficient electrical current, a 

saccade is evoked whose direction and amplitude depends on electrode location (Robinson, 

1972; Schiller and Stryker, 1972).  The vectors of these electrically induced saccades closely 

match the map of visual space in the superficial layers.  Additionally, spatially adjacent regions 

within the SC excite each other and distant regions inhibit each other (Koch and Ullman, 1985; 

Munoz and Istvan, 1998).  This competitive organization may allow for the SC to act as a map 

on which potential saccades compete against each other for execution.  Here we hypothesize that 

the value of available options will influence this competition process to affect saccade choice and 

reaction times.  

Higher brain structures involved in processing decision factors such as probability, 

reward and value also contribute to this selection process.  The SC receives inputs from cortical 

areas such as the lateral intraparietal area (LIP), frontal eye fields (FEF) and supplementary eye 

fields (SEF).  These areas evaluate and update the locations of potential targets and influence 

activation across the SC.  Furthermore, the SC receives either direct or indirect connections from 

many brain areas thought to be involved in the processing of value, such as the orbito-frontal  



15 
 

(Gottfried et al., 2003; Padoa-Schioppa and Assad, 2006), posterior cingulate (Kable and 

Glimcher, 2007; McCoy and Platt, 2005), and premotor cortices (Nakamura, 2006; Roesch and 

Olson, 2003) as well as the striatum (Cromwell et al., 2005; Kable and Glimcher, 2007; Lau and 

Glimcher, 2005; Lauwereyns et al., 2002; O'Doherty et al., 2006; Samejima et al., 2005).  The 

SC receives inputs from many areas thought to handle the processing of probability of reward.  

Probability can be represented non-spatially in areas such as the anterior cingulate (Paulus and 

Frank, 2006) and dorsomedial prefrontal cortices (Volz et al., 2003) but also spatially such as in 

area LIP (Platt and Glimcher, 1999).  Probability signals have also been observed to influence 

learning circuits in the ventral striatum (Preuschoff et al., 2006).  Non-spatial processing of 

reward magnitude has been shown in the the orbito-frontal cortex (Roesch and Olson, 2004), and 

spatially in FEF (Roesch and Olson, 2003) and area LIP (Platt and Glimcher, 1999).  Reward 

signals have been observed in brain areas involved in the learning and updating of value 

estimates, such as the striatum (Cromwell and Schultz, 2003; Kawagoe et al., 2004; Lauwereyns 

et al., 2002), the substantia nigra (Sato and Hikosaka, 2002).  

The SC is located in the dorsal mesencephalon.  This location is important, because the 

SC rests just above and projects directly to the burst generator circuit, responsible for the 

transformation of neural signals into muscle commands that rotate the eyeballs (Figure 1.3).  

Within this circuit are long lead burst neurons (LLBNs), omnipause neurons (OPNs), medium 

lead burst neurons (MLBNs) and finally motoneurons (MNs).  The LLBNs and OPNs receive 

potent monosynaptic excitatory inputs from the SC (Buttner-Ennever et al., 1999; Gandhi and 

Keller, 1999; Pare and Guitton, 1994; Raybourn and Keller, 1977).  LLBNs discharge a saccade-

related burst of action potentials, but OPNs are silent (Everling et al., 1998; Keller, 1974; 

Luschei and Fuchs, 1972; Raybourn and Keller, 1977; Strassman et al., 1987).  Conversely,  
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Figure 1.3: Schematic of the saccade burst generator circuit contained within the reticular 

formation 

Adapted from Munoz et al., 2000.  Lines that end in a two-pronged fork indicate an excitatory 

connection. Lines that end in a circle indicate an inhibitory connection. 
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when fixating, OPNs discharge tonically and LLBNs display low level activity.  These two 

signals feed into the MLBNs, which discharge action potentials time-locked to saccade onset 

(Scudder, 1988).  LLBNs form excitatory connections with the MLBNs, while OPNs exhibit 

powerful inhibition.  This neural architecture suggests that excitatory and inhibitory MLBNs 

(EBNs and IBNs, respectively) are responsible for generating time-locked saccade signals to the 

MNs originate from the LLBNs upstream.  However, activity from the OPNs gate low level 

activation of LLBNs, suggesting that to generate a saccade, the OPNs must be silenced (Munoz 

et al., 2000).  Because the SC rests just above the OPNs, it can exhibit sub-threshold activity that 

does not necessarily lead to a saccade, whereas changing activity below the OPNs will result in 

an eye movement.  Together, its inputs, outputs and location just above the OPN gate suggests 

that the SC could be ideally situated within the visuosaccadic circuitry such that value related 

signals could compete, the winner of which would result in either the LLBNs initiating a saccade 

or the OPNs maintaining fixation.   

Currently, there is direct support for the hypothesis that signals related to reward 

magnitude and probability can be observed within the SCi.  For example, when a particular 

location in visual space is more likely to contain a target that, when foveated via saccade, yields 

a liquid reward, activity within the SCi increases (Basso and Wurtz, 1998; Dorris and Munoz, 

1998).  This increase in activity is manifested as a ramping-up of activity or shifting in baseline 

activity prior to saccade onset.  This preparatory activity scales with the likelihood of a particular 

location in visual space yielding a reward.  Similarly, when a target at a particular location in 

visual space is known to yield a larger liquid reward than other locations, activity within the SCi 

increases (Ikeda and Hikosaka, 2003).  Activity increased in two ways.  First, similar to the 

previous example, preparatory activity in the SCi was modulated by the amount of reward 
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allocated to a particular location in visual space.  Second, even though the displayed targets’ 

physical characteristics never changed (i.e. size, luminance, colour), the transient evoked 

response in the SCi time-locked with target appearance was also modulated by the expected size 

of the reward.  Together, the evidence of signals containing the components of value, probability 

and reward, present a compelling case for the presence of an integrated value signal within the 

SCi. 

1.4 Shaping SC activity with value: A dynamic neural field model 

 The process by which the activity in the SC leads to the generation of a saccade to a 

single target amongst an array of options has been modeled with dynamic neural fields (Erlhagen 

and Schoner, 2002; Kopecz, 1995; Trappenberg et al., 2001; Wilimzig et al., 2006).  In these 

models, the parameters of potential saccades are represented by dynamic fields – activation fields 

defined over a continuous space, such as the location of visual targets or saccade vectors in 

retinal coordinates.  These broad activation fields correspond with neural population encoding in 

the SC, where large groups of SC neurons “vote” on the vector of a saccade, with the distribution 

of votes creating a bell-shape that peaks at the designated saccade vector (Lee et al., 1988).  Each 

activation field corresponds with a specific saccade, and these fields interact with each other by 

locally exciting each other, leading to an averaging of fields that are encoding for saccades of 

similar properties, and distally inhibiting each other, leading to fields that encode for saccades of 

largely differing vectors to be suppressed, delaying a saccade from being generated.  These 

properties are also mirrored in the SC (McIlwain, 1988; Meredith and Ramoa, 1998; Munoz and 

Istvan, 1998).  If these dynamic fields do indeed represent a map of potential saccades, then it 

stands to reason that these fields may be shaped, in part, by subjective value, the critical 

determinant of behavioural choice. 
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1.5 Scope of thesis 

Although the effects of value on decision-making have been studied thoroughly, the 

neural processes by which this occurs have only begun to be examined. The main goal of this 

thesis is to shed light on the transformation of subjective value into simple actions by examining 

neural activity in the SCi related to the preparation of saccades. We will establish this connection 

by having monkeys play an adapted version of the “Deal or No Deal” game discussed earlier in 

this chapter.  Briefly, monkeys will perform a task in which they perform saccadic eye 

movements to targets as they appear.  These targets will vary only in their frequency of 

occurrence (probability of reward) and the amount of liquid given when foveated (magnitude of 

reward).  As monkeys experientially determine the subjective values of the potential targets, we 

will occasionally present them with both targets.  In this instance, the monkey is free to choose 

the target that they prefer.  For example, target A may represent a small volume of liquid that is 

given on the majority of trials (i.e., the “sure thing”) and target B may represent a large volume 

of liquid given on the minority of trials (i.e., the “gamble”).  We will compare the monkeys’ 

SRTs to targets that appear against their choice preferences.  Because we are interested in how 

value influences motor actions, we used a gap-saccade task that is known to maximize saccade 

preparatory activity (Dorris et al., 1997; Munoz et al., 2000; Saslow, 1967).  To further 

maximize this preparatory activity, we will display only one target at a time to avoid competitive 

interactions between multiple targets that attenuate preparatory processes (Munoz and Istvan, 

1998; Walker et al., 1997).  As such, we cannot use choice preference as a measure of subjective 

value.  Therefore, the first step in this process is establishing SRT, a read-out of saccade 

preparation, as a behavioural measure of subjective value.  To demonstrate this, we will compare 

SRTs to a well-known behavioural measure of subjective value – choice preference (Samuelson, 
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1938).  Stated above, choice preference has been demonstrated to be an effective method for 

measuring decision-making factors such as reward, probability and value (Cai et al., 2011; Rorie 

et al., 2010; So and Stuphorn, 2010; Yang and Shadlen, 2007).  In chapter 2, I hypothesize 

that, similar to choice preference, under conditions of uncertainty, SRT can act as a graded 

behavioural measure of subjective value. 

 In chapter 3, I will examine how subjective value is represented in the SCi to plan 

location-specific and precisely timed actions.  To do this, I will borrow methodology used by 

Gold and Shadlen (Gold and Shadlen, 2000; 2003) to examine saccade planning when making 

decisions based on perceptual information.  Briefly, Gold and Shadlen elicited saccades via 

microstimulation of the FEF while monkeys viewed a scene of dots randomly moving.  The 

elicited saccade vector deviated towards the direction the monkeys perceived the dots to be 

moving and therefore, was interpreted as an instantaneous readout of developing decision 

processes.  Similarly, I will use microstimulation of the SCi while monkeys plan saccades based 

on their value as opposed to relying on perceptual information.  I will compare these deviations 

to SRTs to show that microstimulation elicited saccades may reflect how value influences the 

spatial allocation saccade preparation, and also, how this signal evolves over time.  I 

hypothesize that subjective value contributes to the shaping of dynamic neural fields within 

the SCi, which are responsible for determining when and where saccades are elicited.  

Lastly, in chapter 4, I will use single neuron recording to further examine the influence of 

subjective value on saccade preparation at the level of the individual neuron.  I will show that 

under conditions of uncertainty, SRTs will not only reflect the subjective value of potential 

actions, but also biases in neural activity across the SCi.  I will examine neural activity in the SCi 

that occurs prior to the production of saccades and compare it to SRTs to target directed 
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saccades.  Specifically, I will measure changes in preparatory activity that occurs prior to target 

appearance, as well as the visual response to the target when it appears.  These changes in neural 

activity will be compared to SRTs to demonstrate that pre-motor activity within the SCi reflects 

the subjective value of potential saccades.  I hypothesize that, under conditions of 

uncertainty, changes in subjective value, as indexed by SRT, will correspond with biases in 

neural activity across the SC map. 

 Altogether, these studies will show how subjective value influences the spatial and 

temporal allocation of saccade preparation signals in the superior colliculus.  I will also establish 

SRT as a behavioural measure of value under conditions of uncertainty. Finally, I will discuss 

the implications of these findings on our understanding of the neural mechanisms by which value 

is computed throughout the brain, and then transformed into motor action via dynamic neural 

fields. 
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The Relationship Between Saccadic Choice and Reaction Times with 

Manipulations of Target Value 
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Relationship Between Saccadic Choice and Reaction Times with Manipulations of Target Value. 
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2.1 Abstract 

 Choosing the option with the highest expected value (EV; reward probability × reward 

magnitude) maximizes the intake of reward under conditions of uncertainty. However, human 

economic choices indicate that our value calculation has a subjective component whereby 

probability and reward magnitude are not linearly weighted. Using a similar economic 

framework, our goal was to characterize how subjective value influence the generation of simple 

motor actions. Specifically, we hypothesized that attributes of saccadic eye movements could 

provide insight into how rhesus monkeys, a well-studied animal model in cognitive 

neuroscience, subjectively value potential visual targets. In the first experiment, monkeys were 

free to choose by directing a saccade toward one of two simultaneously displayed targets, each of 

which had an uncertain outcome. In this task, choices were more likely to be allocated toward the 

higher valued target. In the second experiment, only one of the two possible targets appeared on 

each trial. In this task, saccadic reaction times (SRTs) decreased toward the higher valued target. 

Reward magnitude had a much stronger influence on both choices and SRTs than probability, 

whose effect was observed only when reward magnitude was similar for both targets. Across EV 

blocks, a strong relationship was observed between choice preferences and SRTs. However, 

choices tended to maximize at skewed values whereas SRTs varied more continuously. Lastly, 

SRTs were unchanged when all reward magnitudes were 1×, 1.5×, and 2× their normal amount, 

indicating that saccade preparation was influenced by the relative value of the targets rather than 

the absolute value of any single-target. We conclude that value is not only an important factor for 

deliberative decision making in primates, but also for the selection and preparation of simple 

motor actions, such as saccadic eye movements. More precisely, our results indicate that, under 
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conditions of uncertainty, saccade choices and reaction times are influenced by the relative 

expected subjective value of potential movements. 

2.2 Introduction 

 Choosing under conditions of uncertainty requires estimating the value of each 

alternative and then selecting the option whose value is highest. Choosing based on expected 

value (EV), the product of reward magnitude and probability, maximizes the intake of reward 

over time. However, subjectivity in the valuation process results in choices that deviate from the 

EV prediction (Dayan and Abbott, 2001; Glimcher, 2003; 2011;Milstein and Dorris, 2007; Rolls 

et al., 2008; Rolls, 2005). For example, behavioural economic studies in humans have shown that 

both reward magnitude and probability are non-linearly weighted before being combined 

(Gonzalez and Wu, 1999; Hsu et al., 2009; Kahneman and Tversky, 1979; Paulus and Frank, 

2006; Trepel et al., 2005; Tversky and Kahneman, 1992). 

 Recently, value has also been shown to influence choice behavior and underlying neural 

processes in the well-studied rhesus monkey model (McCoy and Platt, 2005; Padoa-Schioppa 

and Assad, 2006; So and Stuphorn, 2010). The influence of value on reaction time, however, has 

not been fully characterized. Therefore, our goal was to examine the relationship between choice 

and saccadic reaction times (SRTs), another common behavioural measure of a wide variety of 

decision factors, under conditions of changing value. If such a relationship exists, then SRT can 

be used to study the moment-to-moment neural activations underlying the valuation process with 

invasive electrophysiological techniques particularly under conditions in which speeded 

responses are favored. 
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 The behavioural economic studies that measure subjective value rely mainly on 

methodologies that are largely incompatible with the non-human primate model such as verbal or 

written communication. For example, experimenters typically present human subjects with the 

choice between a risky, high-reward gamble (the prospect), and a lower, but guaranteed, reward 

(the certain outcome). Varying the reward magnitude of the certain outcome until the subject is 

indifferent to the prospect and the certain outcome provides the researchers with a certainty 

equivalent (Tversky and Kahneman, 1992). This certainty equivalent provides an estimate of 

how the reward magnitude is subjectively valued under risk. Recently these techniques have 

been modified in monkey subjects to examine the valuation process on choice using abstract 

symbols to indicate reward magnitude or probability (Cai et al., 2011; Rorie et al., 2010; So and 

Stuphorn, 2010; Yang and Shadlen, 2007). 

 In an effort to yield speeded responses, we did not present value cues that had to be 

assessed on each trial, but allowed animals to estimate the value of targets through experience 

across blocks of fixed value (e.g., Ding and Hikosaka, 2007; Dorris and Munoz, 1998; Ikeda and 

Hikosaka, 2003; Lauwereyns et al., 2002; Takikawa et al., 2002). Specifically, monkeys made 

simple saccadic eye movements to visual targets whose values were manipulated through 

changing the probability and reward magnitude they yielded. Two behavioural measures 

assessed subjective value across these prospects – the proportion of choices and SRT. Allocation 

of choices provides us with an established measure of the monkeys’ preferences (Samuelson, 

1938) and this was compared with the latency with which monkeys responded during the same 

prospects. Our findings suggest that, when faced with uncertainty, monkeys estimate the relative 

expected subjective value (RESV) of potential actions similarly when both choosing and 

preparing simple motor actions. 
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2.3 Materials and Methods 

2.3.1 General Methodology.  Two male rhesus monkeys (Macaca mulatta) that weighed 

between 9 and 13.5 kg each performed saccadic eye movement tasks for liquid reward. All 

procedures were approved by the Queen’s University Animal Care Committee and complied 

with the guidelines of the Canadian Council on Animal Care. Animals were under the close 

supervision of the university veterinarian. Surgical procedures have been described previously 

(Munoz and Istvan, 1998). 

 Behavioural paradigms, visual displays, delivery of liquid reward, and storage of eye 

movement data were under the control of a PC running a real-time data acquisition system 

(Gramalkn – Ryklin Software). Red and green visual stimuli (11 cd/m2) were produced by a 

digital projector (Duocom InFocus SP4805, refresh rate 100 Hz) and back-projected onto a 

translucent screen that spanned 50° horizontal and 40° vertical of visual space. Left eye position 

was recorded at 500 Hz with a resolution of 0.1° using an infra-red eye tracking system (Eyelink 

II, SR Research). Data analysis was performed offline using MATLAB version 2007a 

(MathWorks Inc.,) on a Pentium 4 personal computer. 

2.3.2 Behavioural Paradigms.  Subjects received liquid reward for successfully completing one 

of three simple oculomotor tasks sharing the same root structure (Figure 2.1). In each trial type, 

subjects were required to acquire, then hold their gaze on, a centrally placed fixation point for 

800 ms. After this epoch, the fixation point was removed and subjects were required to maintain 

central fixation for an additional 400 ms before targets were presented 10° to the left and/or 10° 

to the right. We referred to this 400 ms epoch as the “uncertainty period” because at this point in 

time subjects did not know which specific trial type they were engaged in. The fixed duration of 

this period provided timing information which promoted the advanced preparation of upcoming  



37 
 

 

Figure 2.1: Experimental paradigms 

Each window represents what the monkey sees chronologically ordered from top to bottom. Red 

filled circles represent targets, green filled circles represent distractors, and unfilled green circles 

represent potential distractor locations. (A) Two-target trials. Both targets are displayed but the 

reward outcome for choosing a target is probabilistic (%). (B) Single-target trials. Only one of 

the two potential targets appears, but reward is certain. Note that during a particular prospect 

block, the probability of target presentation at a particular location in single-target trials equals 

the probability of receiving a reward for choosing that target during two-target trials. (C) 

Distractor trials. These trials follow the same pattern as single-target trials, with the addition of 

an irrelevant green distractor being displayed prior to target appearance. Directing a saccade 

toward a distractor aborts the trial and reward is withheld. 
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saccades (Dorris et al., 1997; Saslow, 1967). Subjects had to direct a saccade toward a target and 

maintain fixation on it for 300 ms for the possibility of receiving a liquid reward. The inter-trial 

interval was fixed at 1000 ms. 

 To receive a liquid reward, subjects were required to initiate a saccade toward a displayed 

target within 70–1000 ms of its presentation. The value of the two possible target locations was 

varied across 49 blocks of trials which we will refer to as prospects. The details of how these 

prospects were structured are provided for single-, two-target, and oculomotor-capture trials 

below and in Table 2.1. Each prospect block consisted of 100 ± 15 trials and block transitions 

were not signaled. 

2.3.2.1 Two-target trials. 

 The purpose of the two-target trials (Figure 2.1A) was to assess which of the two valued 

targets the subject preferred. These trials followed the aforementioned task structure with the 

following exceptions. At the end of the uncertainty period, both left and right targets were 

displayed simultaneously and subjects were free to saccade toward either. Receipt of reward was 

probabilistic. We refer to this measure of probability as reward probability. Reward probability 

and their associated magnitudes were fixed for each target for a block of trials. The prospect for 

the next block was randomly selected without replacement from Table 2.1. 

2.3.2.2 Single-target trials 

 Single-target trials (Figure 2.1B) were used to assess how saccade preparation was 

allocated across prospects. Compared to discrete choices during two-target trials, SRTs were a 

more continuous measure. These trials followed the general framework of the two-target trials,  
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Table 2.1: Relative expected value of left target across 49 prospect blocks 

Magnitude of 

Reward for the 

Left Target (mL) 

Probability (%)** Magnitude of 

Reward for the 

Right Target (mL) 10 25 40 50 60 75 90 

0.050 0.02 0.05 0.10 0.14 0.20 0.33 0.60 0.300 

0.050 0.04 0.10 0.18 0.25 0.33 0.50 0.75 0.150 

0.075 0.06 0.17 0.29 0.38 0.47 0.64 0.84 0.125 

0.100 0.10 0.25 0.40 0.50 0.60 0.75 0.90 0.100 

0.125 0.16 0.36 0.53 0.63 0.71 0.83 0.94 0.075 

0.150 0.25 0.50 0.67 0.75 0.82 0.90 0.96 0.050 

0.300 0.40 0.67 0.80 0.86 0.90 0.95 0.98 0.050 

For the oculomotor capture task, only the shaded blocks were used.  For the relative versus 

absolute value task, only the bold cells were used.  The relative expected value of the right target 

is 1-relative expected value of left target. For single-target trials, probability indicates the 

probability of the left target appearing.  For two-target trials, probability indicates the probability 

of a reward being delivered when the left target is selected.  For both trials, the right target 

probability is 1-probability of left target. 
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except that only one target was presented on each trial. Unlike two-target trials, reward was 

guaranteed if the monkey made a correct saccade to the target, but the probability of the target 

appearing in one of two locations varied between blocks. We refer to this measure of probability 

as target probability. Target probability and reward magnitude for each target were fixed for a 

block of trials and were randomly selected without replacement from Table 2.1. 

2.3.2.3 Oculomotor-capture trials 

 Oculomotor-capture trials (Figure 2.1C) probed the level of saccade preparation at 

specific locations in the visual field. These trials were identical to single-target trials, except that 

an irrelevant circular green distractor, equiluminant to the red stimuli, flashed for 70 ms halfway 

through the uncertainty period. If subjects looked to the distractor (i.e., oculomotor-capture), the 

trial was immediately aborted and reward was withheld, followed by the inter-trial interval. 

Saccade preparation was indexed by the proportion of oculomotor captures triggered by the 

presentation of abrupt-onset visual distractors at particular locations. 

2.3.2.4 Experiment 1: Prospect task 

 This experiment combined two-target (25% of trials) and single-target (75% of trials) 

trials together, to compare choice preferences during two-target trials with the SRTs during 

single-target trials for each prospect. Monkeys performed 49 different prospects, using seven 

different reward magnitude and seven different probability levels (Table 2.1). The same prospect 

was used for both single-target and two-target trials during a given block. Monkeys completed, 

on average, 12 blocks per day until satiated, and data from multiple experimental days were 

combined together for subsequent analysis. 
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2.3.2.5 Experiment 2: Oculomotor-capture task 

 We interleaved single-target and oculomotor-capture trials together (50% of each) to 

determine how monkeys allocated saccade preparation to specific locations across the visual 

field. A subset of 11 prospects that spanned the range of values were used in this experiment 

(Table 2.1, shaded cells). Distractors were equally likely to be presented at the location of one of 

the two possible targets or orthogonal to the target (10° upward). This latter distractor allowed us 

to assess levels of saccade preparation in non-valued areas of the visual field. 

2.3.2.6 Experiment 3: Relative versus absolute value task 

 To examine the contribution of relative value versus absolute value to saccade 

preparation, monkeys performed blocks of trials with target reward magnitudes set at 1.0×, 1.5×, 

and 2.0× their normal magnitudes. Only three blocks of trials that spanned the range of prospects 

were tested (Table 2.1, bold cells). Our goal was to determine whether changes in absolute value 

contributed to SRT effects beyond those observed for relative value. 

2.3.3 Data Analysis 

 Trials were aborted online if eye position was not maintained within a 3° diameter circle 

centered on the appropriate spatial location or if saccades were initiated outside a 70- to 1000-ms 

temporal window following target presentation. Oculomotor captures were defined as saccades 

initiated toward a 6° diameter spatial window centered on the distractor within a 70- to 200-ms 

temporal window following distractor appearance. The spatial window was relaxed due to the 

tendency of oculomotor-capture saccades to be hypometric (Milstein and Dorris, 2007; 

Theeuwes et al., 1998). The first 20 trials from all blocks were discarded from offline analysis to 

allow subjects time to adjust to the new EV condition. Computer software determined the 

beginning and end of each saccade using velocity and acceleration criteria and accuracy was 
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verified by the experimenter. SRT was defined as the time when eye velocity first surpassed 

20°/s following target presentation. 

We defined relative expected value as:                                                

[ (  )  (  )]

[ (  )  (  )] [ (  )  (  )]
                                                                (2.1) 

 Where p(T1) and p(T2) denote the proportion with which target 1 and target 2 appeared 

(single-target trials) or yielded a reward (two target trials), respectively, during a block of trials.  

r(T1) and r(T2) denote the reward magnitude in ml of water allocated to each of the two targets, 

respectively. 

 We determined whether linear or logistic functions provided superior fits to our data 

using the model selection criterion derived from Akaike’s Information Criterion (Akaike, 1973; 

Sakamoto et al., 1986). In general, logistic fits provided superior fits for choice data and linear 

fits were superior for SRT data. The one-parameter logistic function we used was: 

 ( )   
   

     
   (2.2) 

Where β>0 is the shape parameter.  The data was fit with least squares regression. 

2.4 Results 

2.4.1 The Expected Value of Uncertain Outcomes Influences Choice Preferences 

 In experiment 1, we examined the allocation of choices made during two-target trials 

across 49 prospects (Figure 2.1A; Table 2.1). The two-target trials (25%) analyzed here were 

interspersed with a majority of single-target trials (75%). We hypothesized that EV will 

influence choice preferences in two-target trials. In a representative equal EV block (Figure 
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2.2A), approximately the same number of saccades were directed to each target. Conversely, in a 

block with a higher valued left target, more leftward saccades were chosen (Figure 2.2B). Across 

all 49 prospects, we found that the EV of the targets was correlated to the allocation of choices 

(Figure 2.2C; logistic fits: Monkey B; R = 0.67 and Figure 2.2D; Monkey H; R = 0.58, p < 0.05, 

respectively). Furthermore, animals tended to maximize, or choose one target exclusively, when 

EV was highly skewed. When we analyzed each decision factor independently, we found that 

probability of reward had no influence on the allocation of choices (Figures 2.2E,F, p > 0.05), 

but reward magnitude (Figure 2.2G; logistic fits; Monkey B; R = 0.88 and Figure 2.2H; Monkey 

H; R = 0.94, p < 0.01, respectively) had a strong influence on choice behavior. Furthermore, we 

found that reward magnitude exerted a significantly stronger effect on choice allocation than 

relative EV (p < 0.02, Fisher r-to-z transformation). 

 Although it is clear that, in this task, monkeys weighed reward magnitude more heavily 

than probability, additional analysis indicated that probability did have an effect when reward 

magnitudes were similar (Figure 2.3). We re-plotted the data from Figures 2.2C, D to highlight 

how choices were allocated within each specific probability and reward magnitude condition. 

Reward magnitude always had a strong effect on choice behavior, regardless of its associated 

outcome probability (Figures 2.3A,B). Probability, however, had an effect only when reward 

magnitudes were approximately equal (e.g., cyan lines, Figures 2.3C,D) and had negligible effect 

when reward magnitudes became skewed. 

2.4.2 The Expected Value of Uncertain Movements Influences Saccade Preparation 

 We examined changes in SRT during single-target trials of experiment 1. We 

hypothesized that changes in EV would lead to a bias in saccade preparation, in turn leading to  
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Figure 2.2: Influence of decision factors on choice preference during two-target trials 

All data is taken from the two-target trials of Experiment #1. (A,B) Individual eye traces for 

equal value (50% left probability/50% left reward magnitude) and skewed value (50% left 

probability/62% left reward magnitude) blocks of trials. Each line represents horizontal eye 

position on a single trial. (C,D) Influence of relative expected value on saccadic choices. Each 

dot represents 50–75 trials of a particular prospect collapsed over two to three blocks of trials. 

Correlation coefficients (R) are based on least square fits of a logistic function (black lines). The 

large gray dot indicates the equal value prospect. (E,F) Influence of relative reward probability 

on saccadic choices. (G,H) Influence of relative reward magnitude on saccadic choices. 
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Figure 2.3: Contribution of reward and probability of choice 

Each point represents 50–75 trials of a specific prospect. Same data as Figures 2.2C,D. (A,B) 

Contribution of reward magnitude. Each color indicates a group of prospects with the same 

probability. Within each color, each point represents a different reward magnitude condition. In 

order, red was the lowest probability, followed by green, blue, cyan, yellow, magenta, and black 

was the highest. See Table 2.1 for exact values. (C,D) Contribution of reward probability. Each 

color indicates a group of prospects with the same reward magnitude and each point within the 

colored groups represents a different reward probability.  
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skewed SRTs. Figure 2.4A shows a representative block with equal EVs for the two targets. 

Saccades were initiated with similar latencies regardless of which target was ultimately 

presented. Conversely, when EV was skewed in favor of the rightward target, SRTs were shorter 

to the right and longer to the left (Figure 2.4B). Across all 49 prospects, we found that SRTs 

were significantly correlated to relative EV (Figure 2.4C; R = −0.67, p < 0.05; Figure 2.4D; R = 

−0.52, p < 0.05). When we analyzed each decision factor independently we found that, similar to 

choice allocation, there was no correlation found between SRT and the probability of target 

appearance (Figures 2.4E,F). However, a significant correlation between SRTs and reward 

magnitude (Figure 2.4G; R = −0.80, p < 0.05; Figure 2.4H; R = −0.90, p < 0.05) was found. We 

also found that reward magnitude was significantly more correlated to SRTs than relative EV in 

both monkeys (p < 0.05, Fisher r-to-z transformation). 

 Whereas we found, using the model selection criterion derived from Akaike’s 

Information Criterion (Akaike, 1973; Sakamoto et al., 1986), that logistic functions provided 

significantly better fits than linear regressions for the effects of value on choice data (p < 0.05), 

the opposite was true for the effects of value on SRTs (p < 0.05). This suggests that the influence 

of value on choice quickly leads to maximization of binary responses whereas the effects of 

value on SRTs are more continuous. 

Saccadic reaction times were longer on average across the 49 prospects for two-target 

trials compared to single-target trials (Figures 2.4C,D; 31 ms for monkey B, 67 ms for monkey 

H). This slowing is consistent with competitive inibition resulting from the simultaneous 

presentation of two targets (Munoz and Istvan, 1998). Furthermore, the effects of value on SRT 

in two-target trials were attenuated, as shown by the shallower slopes of the linear fits when 

compared to single-target trial data. These correlations were also significantly worse than those  
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Figure 2.4: Influence of decision factors on SRT during single-target trials 

 (A,B) Individual eye traces for equal value (50% left probability/50% left reward magnitude) 

and skewed value (10% left probability/38% left reward) blocks of trials. (C,D) Relationship 

between relative expected value of the left target and SRT for each monkey. Each black point 

represents 150–225 single-target trials of a specific prospect collapsed across two to three blocks 

of trials. Each blue point represents 50–75 two-target trials collapsed across two to three blocks 

of trials. (E,F) Relationship between probability and SRT for each monkey. (G,H) Relationship 

between reward magnitude and SRT for each monkey. 
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found between value and SRT in single-target trials (p < 0.05, Fisher r-to-z transformation). 

Lastly, these effects were less consistent in two-target trials compared to single-target trials, with 

one monkey showing a slight positive slope and the other showing a slight negative slope 

between value and SRT (Figure 2.4C; Monkey B; R = −0.47, Figure 2.4D; Monkey H; R = 0.36). 

 We further examined the effects of probability and reward magnitude on SRT by 

replotting the data from Figures 2.4C,D with each reward magnitude and probability condition 

highlighted. Similar to choice, we found that reward magnitude exhibits a strong effect on SRT, 

regardless of probability (Figures 2.5A,B). Probability exhibits little, if any, effect, except, 

perhaps, when reward magnitude was less biased between the two-target locations (Figure 2.5C; 

cyan lines, R = −0.76, p < 0.05; Figure 2.5D; cyan lines, R = −0.63, p > 0.05). 

 We have previously shown that mean SRTs were modulated by changes in EV in humans 

(Milstein and Dorris, 2007). Here we examined the relative contribution of increasing and 

decreasing saccade latencies across prospects by examining SRT distributions in more detail. 

Similar SRT distributions were observed during an equal value block (Figure 2.6A) with the 

majority of saccades centered around 200 ms. These distributions changed when the EV of the 

two targets was skewed (Figure 2.6B) with the lengthening of SRTs for the low-valued targets 

becoming particularly pronounced. The overall effect of value on SRTs was quite powerful when 

one considers that monkeys were simply required to look to a single-target that suddenly 

appeared in a darkened room. The SRT differences spanned 348 ms for monkey B and 460 ms in 

monkey H across prospects. Across all prospects (Figures 2.6C,D), the differences in SRT were 

more heavily influenced by lengthening of SRTs to the low value target. Shortening of SRTs to 

the high-valued target displayed a floor effect. 
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Figure 2.5: Contribution of reward magnitude and probability to SRT 

Each point represents 150–225 trials of a specific prospect collapsed across two to three blocks 

of trials. Same single-target data as Figures 2.4C,D. (A,B) Contribution of reward magnitude. 

Each color indicates a group of prospects with the same probability. Within each color, each 

point represents a different reward magnitude condition. In order, red was the lowest probability, 

followed by green, blue, cyan, yellow, magenta, and black was the highest. See Table 2.1 for 

exact values. (C,D) Contribution of reward probability. Each color indicates a group of prospects 

with the same reward magnitude and each point within the colored groups represents a different 

reward probability. 
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Figure 2.6: The influence of value on SRT distributions 

(A,B) Histograms for equal value (50% left probability/50% left reward magnitude) and skewed 

value (10% left probability/38% left reward magnitude) blocks of trials. Black bars represent 

SRTs to the right target, gray bars represent SRTs to the left target. The mean of each 

distribution is indicated by the solid vertical lines. (C,D) Same single-target data set as Figures 

2.4C,D. Each data point represents one of the 49 different prospects, composed of 150–225 

individual trials collapsed over two to three blocks of the same prospect. Blocks are not sorted on 

value, but on the difference in SRTs between the left and right targets. Enlarged points are blocks 

in which the value was equal to the left and right targets. The relative expected value of each 

point is indicated by the heat map legend on the right. 
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2.4.3 Influence of Value on Oculomotor Captures 

 In experiment 2, we probed the spatial allocation of saccade preparation more closely by 

occasionally presenting a distractor at one of three locations (Figure 2.1C). Oculomotor captures 

were directed toward left and right distractors in roughly equal proportion when the targets were 

of equal value (Figure 2.7A) but became biased in favor of locations associated with targets of 

higher value (Figure 2.7B). Across prospects, there was a positive correlation between the 

relative EV of the targets and the proportion of oculomotor captures directed to distractors at 

those locations (Figure 2.7C – R = 0.48, p < 0.05; Figure 2.7D – R = 0.77, p < 0.05). Both 

monkeys rarely, if ever, looked toward distractors presented at the valueless upward location 

(Figures 2.7C,D, open circles). Lastly, oculomotor captures were compared with an established 

measure of saccade preparation, SRT (Figures 2.4C,D). Strong correlations were found to exist 

between oculomotor captures and SRT differences across the same prospects (Figure 2.7E: 

Monkey B – R = 0.94; p < 0.05; Figure 2.7F: Monkey H – R = 0.93, p < 0.05). 

2.4.4 Relationship between SRTs and Choices across Prospects 

 We capitalized on the interleaved two-target (Figure 2.1A; 25% of trials) and single-

target trial (Figure 2.1B; 75% of trials) structure of experiment 1 to examine the relationship 

between SRTs and choice preference across prospects. We hypothesized that revealed choice 

preferences from two-target trials, an established index of relative subjective value (Glimcher, 

2011; Gonzalez and Wu, 1999; Hsu et al., 2009; Paulus and Frank, 2006; Trepel et al., 2005), 

would correlate with SRTs from single-target trials. The differences in single-target SRTs 

lawfully reflected choice preferences during two-target trials (Figures 2.8A,B). Both of these 

metrics are influenced by relative EV, in that overall, there is a gradual transition from blue to  



52 
 

 

Figure 2.7: Influence of expected value on oculomotor captures 

(A,B) Individual eye traces for equal value (50% left probability/50% left reward magnitude) and 

skewed value (50% left probability/62% left reward magnitude) blocks of trials. Red lines 

indicate target-directed saccades, green indicate distractor-directed saccades. Thick lines indicate 

time of distractor (green) and target (red) appearance, respectively. (C,D) Each point is 

calculated from approximately 700 trials with data collapsed for left and right oculomotor 

captures for the same prospects. Filled circles represent oculomotor captures to distractors that 

appeared at potential target locations. Unfilled circles represent oculomotor captures to vertical 

distractors where no target was ever presented. (E,F) Relationship between relative SRT and 

proportion of oculomotor captures on each block. Same data as in (C,D). 
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Figure 2.8: The relationship between saccadic choices and reaction times when target value 

is manipulated 

(A,B) Relative SRT from single-target trials is plotted against the proportion of choice from two-

target trials across all 49 prospects. Each point represents ∼300 trials in Monkey B and ∼200 

trials in Monkey H of a specific prospect whose relative expected value is indicated by the heat 

map legend on the right. 
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red points on this graph along both the abscissa and ordinate. More likely, however, the 

relationship between choice and SRT is shaped by subjective value as evident by certain 

prospects whose ordering does not follow a smooth transition from blue to red. Putatively, the 

majority of this subjectivity arises because reward magnitude is over weighted relative to 

probability in our task (see Figures 2.2–2.5). 

 The relationship between SRT difference and choice was well described by a logistic 

function (Figure 2.8A; R = 0.98 Monkey B and Figure 2.8B; R = 0.99 Monkey H, p < 0.05, 

respectively). This logistic function reflects how subjective value influences the selection and 

preparation of saccades. Importantly, the correlation between SRT and choice allocation across 

prospects is significantly stronger than the correlation observed with choice or SRT with any 

other decision factor (i.e., probability, reward magnitude, relative EV). This suggests that both 

choices and SRTs are influenced by subjective value more than any objective decision factor 

alone (p < 0.01, Fisher r-to-z transformation). 

2.4.5 Saccade Preparation is Influenced by the Relative, not Absolute, Value of Targets 

 Up to this point, it is unclear whether the modulations in SRT are caused by changes in 

the absolute value of reward magnitude available on each trial, or by changes in the value of one 

target relative to the other. This confound arises because blocks with highly skewed relative 

values also tend to be blocks in which monkeys receives higher overall rates of reward (see Eq. 

2.1). Here we consider absolute value to be similar to previous definitions of motivation (Stellar 

and Stellar E, 1985) defined as the average reward harvested per trial during a given prospect. To 

distinguish between these two possibilities we multiplied the reward magnitudes at both target 

locations, which had the effect of increasing the absolute EV of each target while leaving the 

relative EV of each target unchanged. SRTs were influenced by changes in relative EV across 



55 
 

blocks (p < 0.001, 1 way RM ANOVA) but not absolute changes in reward magnitude values 

(Figure 2.9; p > 0.05 for both monkeys, 1 way RM ANOVA). 

2.5 Discussion 

 Our findings suggest that the selection and preparation of saccadic eye movements are 

strongly influenced by the relative expected subjective value (RESV; Glimcher, 2011) of targets 

under conditions of uncertainty. To establish the EV component of RESV, we allowed monkeys 

to freely choose between prospects, in addition to recording two other behavioural measures; 

SRT and oculomotor captures. When monkeys were allowed to choose between prospects, they 

tended to choose the prospect of higher EV (Figure 2.2). Furthermore, the time to initiate 

saccades (Figure 2.4), as well as the spatial allocation of oculomotor captures (Figure 2.7), were 

influenced by EV. To establish the subjectivity (S) component of RESV we examined 

interleaved single-target and two-target trials. SRTs from single-target trials were correlated with 

the revealed preferences from the two-target trials (Figure 2.8), suggesting a relationship 

between subjective preferences and the allocation of saccade preparation under conditions of 

uncertainty. In additional support of this subjectivity, reward magnitude was more heavily 

weighted than probability when monkeys were choosing where to look (Figures 2.2 and 2.3) and 

when preparing saccades (Figures 2.4 and 2.5). To establish the relativity (R) component of 

RESV, reward magnitudes for all targets were increased by multiples. SRTs were influenced by 

changing relative value of the two targets between prospects but not changes in absolute value 

that accompanied multiples of reward magnitude (Figure 2.9). 

2.5.1 Relative Contribution of Reward Magnitude and Probability 
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Figure 2.9: Comparative effects of relative and absolute expected value on SRT 

Each data point represents 200–300 individual trials of a separate task comprised of 100% 

single-target trials. Three conditions were performed that had the same relative expected values 

(indicated by the bold cells in Table 2.1), however, all reward magnitudes were increased by the 

stated multiples between conditions (i.e., different absolute expected value at each location). 
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Previous research has shown that saccade generation is influenced by probability and 

reward magnitude (Basso and Wurtz, 1998; Ding and Hikosaka, 2007; Dorris and Munoz, 1998; 

Lauwereyns et al., 2002; Leon and Shadlen, 1999; Milstein and Dorris, 2007; Platt and 

Glimcher, 1999; Takikawa et al., 2002). In those studies, one decision factor was held constant 

while the other was manipulated. However, the current results, and our previous work in humans 

(Milstein and Dorris, 2007), suggest that some weighted combination of these two factors 

influences saccade generation rather than either factor alone. 

 Reward magnitude exerted a stronger effect than reward probability in influencing choice 

in both monkeys (Figures 2.2 and 2.3) to the extent that probability only had a modest influence 

when rewards were nearly equal. Our findings are consistent with previous research in monkeys 

showing an effect of reward probability under equal reward magnitude conditions (Basso and 

Wurtz, 1998; Dorris and Munoz, 1998). Our findings provide an important extension to this 

previous work by demonstrating that reward magnitude dominates reward probability across a 

wide range of saccade target values. 

 This seemingly “risk seeking” behavior has been demonstrated in monkeys in other 

contexts (Anderson et al., 2002; Baum, 1979; Davison and Baum, 2003; Lau and Glimcher, 

2005; McCoy and Platt, 2005; So and Stuphorn, 2010). Evidence from other animal models has 

shown that animals may behave differently based on their physiological state (Caraco, 1981). In 

the case of these animals, their powerful thirst may drive them to seek the risky option in the 

chance that it will satiate them more rapidly, rather than the more probable, but smaller reward. 

An additional factor is the time in between each trial. Monkeys only had to wait 1 s for the next 

trial to begin, and thus, may be more willing to gamble for the larger reward, knowing that they 

will get to have another chance right after. Previous work has shown that if monkeys are forced 
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to wait for longer periods of time in between trials, they tend to choose the less risky option 

(Hayden and Platt, 2007). The immediacy of reward is clearly an important factor in the 

valuation of choice for monkeys (Cai et al., 2011; Frederick et al., 2002; Green and Myerson, 

2004; Hwang et al., 2009; Kalenscher and Pennartz, 2008; Mazur, 1987), and the task in this 

study may not adequately tease apart risk from the temporal discounting of rewards. Another 

potential reason for a larger reward magnitude contribution is that thirsty monkeys were given 

reward immediately upon successful completion of a trial rather than abstract feedback to be 

delivered later in the experiment as is typical of human economic experiments. Potentially 

contributing to this, probability had to be updated slowly through experience over many trials 

whereas reward magnitude was sensed immediately on the tongue. However, we did not notice 

any appreciable changes in the influence of probability on choices throughout as trial blocks 

progressed (t-test comparing choice allocation at beginning and end of blocks, p > 0.10). 

2.5.2 Establishing the Expected Value (EV) Component of RESV 

 Throughout these experiments, EV was correlated to several behavioural measures. First, 

EV influenced the allocation of choices between targets (Figures 2.2C,D). This is an important 

first step because revealed preference is a classic behavioural measure of subjective value 

(Samuelson, 1938). However, simply relying on choice allocation has limitations. Choice is a 

discrete measure and thus better suited for assessing which option is more valuable or preferred 

rather than the degree to which an option is more valuable than another as reflected in the 

maximizing of choices at highly skewed values (Figures 2.2C,D). EV also influenced the 

continuous measure of SRTs during single-target trials (Figures 2.4C,D). The difference in SRTs 

across prospects was 348 ms in monkey B and 460 ms in monkey H, effects that greatly exceed 

other well-studied SRT phenomena (e.g., repetition effects = 7 ms, Dorris et al., 2000; attention 
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= 30 ms, Fecteau et al., 2004; motivation = 3 ms, Roesch and Olson, 2004; inhibition of return = 

20 ms, Dorris et al., 2002; Pro- versus anti-saccades = 41 ms, Everling and Munoz, 2000). 

 The influence of EV on saccade preparation resulted in an asymmetric distribution of 

SRTs (Figure 2.5). These were characterized by relatively narrow SRTs distributions toward 

high-valued targets and broad SRT distributions toward low-valued targets. Overall, the majority 

of the SRT differences were the result of lengthening to low-valued targets rather than shortening 

toward high-valued targets. Presumably the floor effect for speeding of SRTs is dictated by 

physiological limits of conduction within visuosaccadic circuits (i.e., express saccades – Munoz 

et al., 2000). 

 Although EV exerted an influence on single-target trials, this effect was both slowed and 

attenuated in two-target trials (Figures 2.4C,D, blue points). This is likely caused by competitive 

inhibition between the two targets, which appear in opposite hemifields of visual space (Koch 

and Ullman, 1985; Munoz and Istvan, 1998). Furthermore, the SRTs in two-target trials were 

uncorrelated to the difficulty of the selection process (i.e., how close the two prospects on a 

given trial were in value), which would be characterized by an inverted “U” shaped function 

centered on equally valued targets (p > 0.05). These results show that SRT may not be an 

accurate behavioural measure of value in tasks that are not speeded or allow the subjects to 

choose between multiple prospects. 

 The proportion of oculomotor captures correlated with the EV of targets at particular 

locations (Figure 2.7). Importantly, very few oculomotor captures were directed to the valueless 

distractors presented at a location orthogonal to the valued targets. These results mirror human 
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work demonstrating that saccade preparation is spatially allocated based on the relative value of 

potential targets (Milstein and Dorris, 2007). 

 In summary, we established the EV of RESV in three steps. First, discreet choice 

preferences correlated with the relative EV of the two targets. Second, continuous SRTs were 

correlated with the EV of single targets. Third, the pattern of oculomotor captures demonstrated 

that saccade preparation is spatially allocated based on the EV of saccadic targets. 

2.5.3 Establishing the Subjective (S) Component of RESV 

 We examined the subjective component of the value process outlined by behavioural 

economics (Gonzalez and Wu, 1999; Hsu et al., 2009; Kahneman and Tversky, 1979; Paulus and 

Frank, 2006; Trepel et al., 2005; Tversky and Kahneman, 1992) by relating SRTs to free choices 

during interleaved single and two-target trials. There was a lawful relationship between SRTs 

and preferences (Figure 2.8). More specifically, the logistic function that describes this 

relationship is important because it suggests that the process that transforms value into action 

follows a “soft-max” decision rule. The soft-max rule transforms the difference in value 

distributions between available options into a probability of choosing an action (Daw et al., 

2006). This contrasts with a step-function, that characterizes an ε-greedy decision rule, in which 

the higher valued target is always selected or, in our case, to which all saccade preparation is 

allocated. Moreover, our data suggest that SRTs capture the subjectivity associated with 

estimating value because they more strongly reflect choice preferences (Figure 2.8) compared to 

EV, as well as account for blocks in which the monkeys chose the target of lower EV (Figures 

2.2C,D). Interestingly, this soft-max decision rule has been seen in other studies that use choice 

instead of SRT as a measure of value (McCoy and Platt, 2005; So and Stuphorn, 2010). Our 

choice results were in between a soft-max and ε-greedy function relative to these previous 
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studies. Perhaps this reflects a difference in using abstract symbols to represent prospects on 

each trial, whereas our prospects were learned by experience over a block of trials. 

 In other contexts, subjective value has been measured from maps of indifference curves 

constructed across a range of prospects (Gonzalez and Wu, 1999; Kording et al., 2004; Padoa-

Schioppa and Assad, 2006; Paulus and Frank, 2006). An added benefit of SRTs is that, in 

addition to providing an aggregate measure of value for a given prospect, their variability may 

provide insight into how subjective value is dynamically updated with trial by trial experience 

(Thevarajah et al., 2010). Indeed our preliminary analyses suggest trial by trial SRTs in single-

target trials closely track trial by trial estimates of action value derived from reinforcement 

learning models (Milstein et al., 2010). 

2.5.4 Establishing the Relative (R) Component of RESV 

 Both relative and absolute value play a role in decision making theories. Economic 

models of choice, such as prospect theory (Kahneman and Tversky, 1979; Trepel et al., 2005; 

Tversky and Kahneman, 1992) posit that the value, or utility, of an action can only be 

determined relative to other available options. Absolute value, however, is thought to influence 

choice by increasing motivation; the more reward available on a given trial, the more motivated 

the subject is to respond (Ravel and Richmond, 2006; Roesch and Olson, 2003; Roesch and 

Olson, 2004; Stellar and Stellar E, 1985). In this context, experiment 3 examined how saccade 

preparation was influenced by the relative and absolute value of available options. We found that 

motivation, defined as the average reward harvested per trial during a given prospect (Milstein 

and Dorris, 2007; Roesch and Olson, 2004) had no effect on SRTs whereas RESV had a large 

effect across prospects (Figure 2.9). Although the effects of motivation have been observed in 

other tasks (Ravel and Richmond, 2006; Roesch and Olson, 2003; 2004), it appears to play a 
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small role in tasks such as this, where saccade preparation can be biased across visual space 

based on the learned value of target locations. Perhaps motivation is more influential to whether 

the subject decides to complete the task or not. For example, as the animal becomes satiated, he 

lacks the motivation to participate in the task; however if he does participate, his saccade 

preparatory processes should follow RESV. 

2.6 Conclusions 

 We conclude that RESV is not only an important factor for deliberative decision making 

in primates, but also for the selection and advanced preparation of simple motor actions, such as 

saccadic eye movements. RESV is subjective in the sense that it is computed by each subject’s 

internal weightings of probability and reward magnitude and relative in that behavior was 

influenced by the difference in value of available actions rather than the absolute value of any 

action alone. 
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Chapter 3  

Motor planning processes are influenced by the value and timing of potential 

actions 
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3.1 Abstract  

Deciding when faced with uncertainty requires estimating the value of each alternative 

and then selecting the option whose value is highest.  We hypothesized that this premise extends 

to motor control whereby the relative value and expected timing of potential visual targets shapes 

saccade preparatory activity across the intermediate layers of the superior colliculus (SCi). 

Monkeys performed a saccade task inspired by prospect theory in which they directed saccades 

towards one of two targets whose values were influenced by the probability and magnitude of 

liquid reward associated with each.  Across a wide range of prospects, saccadic reaction times 

(SRTs) were strongly influenced by the relative value of the targets. There was a strong 

relationship between SRTs to single targets and the monkeys’ choice preferences between two 

targets across prospects. Based on this revealed preference relationship, SRT differences 

provided an estimate of the relative subjective value of the two targets for a series of 

microstimulation experiments.  To examine how subjective value influenced saccade planning 

signals within the SCi, we applied microstimulation to SCi sites that triggered saccades 

orthogonal to the valued targets. Stimulated saccades deviated towards target locations as a 

function of their relative subjective value and this effect increased as the expected time of the 

saccade approached. We developed a computational model of the SCi that accounted for the 

observed pattern of saccade deviations. Saccade endpoints were determined by the center of 

mass of competing neural fields across the SCi map that included the site of stimulation and the 

relative values of the two potential targets. Together, our results demonstrate that subjective 

value is spatially and temporally represented across the brain’s premotor maps leading to 

efficient motor planning under conditions of uncertainty.  
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3.2 Introduction 

Choosing appropriate actions under conditions of uncertainty requires estimating the 

value of each alternative and then selecting the action whose value is highest. Value-related 

signals have recently been reported in a number of brain areas including the orbito-frontal 

(Gottfried et al., 2003; Padoa-Schioppa and Assad, 2006), posterior cingulate (Kable and 

Glimcher, 2007; McCoy and Platt, 2005), lateral intraparietal (Dorris and Glimcher, 2004; Platt 

and Glimcher, 1999; Sugrue et al., 2004) and premotor cortices (Nakamura, 2006; Roesch and 

Olson, 2003), the frontal (Roesch and Olson, 2003) and supplementary eye fields (Uchida et al., 

2007), as well as the striatum (Cromwell et al., 2005; Kable and Glimcher, 2007; Lau and 

Glimcher, 2008; Lauwereyns et al., 2002; O'Doherty et al., 2006; Samejima et al., 2005).  How 

value representations are ultimately integrated from across these multiple brain regions to plan 

appropriate and precisely timed actions, however, remains uncertain. 

We hypothesize that under conditions of uncertainty, preparation signals within pre-

motor brain regions are allocated as a function of the relative value and expected timing of 

potential actions.  Specifically, we will test whether value influences the spatial and temporal 

evolution of saccade preparation processes within the intermediate layers of the superior 

colliculus (SCi).  The SCi exhibits four features that suggest such an involvement. First, the SCi 

is organized as a topographic map of visuosaccadic space (Robinson, 1972; Schiller and Stryker, 

1972) and pre-saccadic activity across this map is predictive of when and where saccades occur 

(Dorris et al., 1997; 2007; Glimcher and Sparks, 1992).  Thus, any value and timing signals 

could be ‘tagged’ to specific saccade plans.  Second, the aforementioned upstream value-related 

regions communicate either directly or indirectly with the SCi.  Third, SCi activity is correlated 

to critical components of value, namely, reward magnitude (Ikeda and Hikosaka, 2003) and 
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reward probability (Basso and Wurtz, 1998; Dorris and Munoz, 1998).  Fourth, the SCi is located 

just upstream of the omnipause neurons (OPNs) which exert powerful inhibition over brainstem 

saccade generating circuits (see Moschovakis and Highstein, 1994 for review).  Unlike these 

brainstem circuits, low-level activity in the SCi does not necessarily lead to an eye movement 

(Dorris et al., 1997).  Therefore, the SCi may represent the last site within the visuosaccadic 

circuit where value can influence the competition between potential saccades plans without 

moving the eyes in the process.  

 We will test our hypothesis by adopting a microstimulation protocol previously used to 

examine whether perceptual decision formation was reflected in developing saccadic plans (Gold 

and Shadlen, 2000; 2003).  As monkeys prepared saccades towards targets of differing value, we 

occasionally interrupted this process by triggering saccades with electrical microstimulation of 

the SCi.  An examination of how microstimulation induced saccades deviated with respect to the 

expected timing and spatial locations of the valued targets provided insight into how value 

influences the spatial and temporal allocation of preparation processes across the entire SCi 

saccade map. Our experimental results - and a computational model that we developed to 

account for them - indicate that premotor regions of the brain use value and timing information 

to select efficient actions under conditions of uncertainty. 

3.3 Materials and Methods 

3.3.1 General Methodology.  We recorded the extracellular activity of single neurons in, and 

applied electrical microstimulation to, the SCi of two male rhesus monkeys (Macaca mulatta) 

that weighed between 9-13.5 kg each.  All procedures were approved by the Queen’s University 

Animal Care Committee and complied with the guidelines of the Canadian Council on Animal 

Care.  Animals were under the close supervision of the university veterinarian.   
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Behavioural paradigms, visual displays, delivery of liquid reward, and storage of both 

neuronal discharge and eye movement data were under the control of a PC running a real-time 

data acquisition system (Gramalkn – Ryklin Software).  Red visual stimuli (11 cd/m
2
) were 

produced by a digital projector (Duocom InFocus SP4805, refresh rate 100 Hz) and back-

projected onto a translucent screen that spanned 50º horizontal and 40º vertical of visual space.  

Left eye position was recorded at 500Hz with a resolution of 0.1 deg using an infra-red eye 

tracking system (Eyelink II, SR Research).  The activity of single neurons was recorded with 

tungsten microelectrodes (Frederick Haer, 1-2 MΩ at 1 kHz) and sampled at 1 kHz.  The same 

electrodes were also used for microstimulation experiments.  Data analysis was performed 

offline using MATLAB version 2007a (Mathworks Inc) on a Pentium 4 personal computer. 

3.3.2 Surgical Preparation. The evening prior to surgery, the animal was placed under Nil per 

Os (NPO, water ad lib), and a prophylactic treatment of antibiotics was initiated [5.0 mg/kg 

enrofloxacin (Baytril)]. On the day of the surgery, anaesthesia was induced by ketamine (6.7 

mg/kg im). A catheter was placed intravenously to deliver fluids (lactated Ringer) at a rate of 10 

ml/kg/h to a maximum of 60 ml/kg throughout the duration of the surgical procedure. 

Glycopyrolate (0.013 mg/kg im) was administered to control salivation, bronchial secretions, and 

to optimize heart rate (HR). An initial dose was delivered at the start of surgery followed by a 

second dose 4 h into the surgery. General anaesthesia was maintained with gaseous isofluorene 

(2–2.5%) after an endotracheal tube was inserted (under sedation) induced by an intravenous 

bolus of propofol (2.5 mg/kg). HR, pulse, pulse oximetry saturation (SpO2), respiration rate, 

fluid levels, circulation and temperature were monitored throughout the surgical procedure. To 

allow access of microelectrodes to the SC, a craniotomy was made based on stereotaxic 

coordinates of the SC, centered on the midline and angled 38° posterior of vertical. The 
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stereotaxic apparatus (KOPF Instruments) stabilized the animal’s head during implantation of 

titanium screws, which served to anchor the explant (recording chambers and head post 

stabilized with acrylic cement) to the skull. A resin recording chamber (Crist Instruments) 

allowed for mounting of a microdrive, and a stainless steel head holder was embedded in the 

acrylic explant. The chamber was tilted 38° posterior to vertical to allow for access to the SC.  

The analgesic buprenorphine (0.01– 0.02 mg/kg im) was administered throughout the surgery 

and during recovery (8–12 h). The anti-inflammatory agent ketoprofen (2.0 mg/kg 1st dose, 1.0 

mg/kg additional doses) was administered at the end of the surgery (prior to arousal), the day 

after the surgery, and every day thereafter (as required). Monkeys were given a minimum of 6 

weeks to recover after head-post surgery before the onset of behavioural training. 

3.3.3 Identification of Intermediate Layers of Superior Colliculus with Neuronal 

Recordings.  Microstimulation was applied to the SCi based on the following criteria. First, the 

electrode was positioned between 1.0 - 3.0 mm below the SC surface. Second, saccade-related 

activity was identified with neuronal recordings. The center of a neuron’s response field was 

defined as the location relative to central fixation that was associated with the most vigorous 

activity during target-directed saccades.  For a site to be included in the microstimulation 

experiments, it had to display a transient burst of activity that was time-locked to preferred 

saccade onset and surpassed 100 spikes/s. For a minority of sites (N=13/45), single units were 

not clearly isolated and therefore, the above criteria were applied to multiple unit recordings. 

3.3.4 Microstimulation Parameters.  Stimulation parameters were fixed at 70 ms duration, 300 

Hz, and 0.3 ms biphasic pulses.  These parameters were used based on previous findings in the 

literature.  Specifically, 0.3 ms biphasic pulses have been demonstrated to elicit saccades with 

the lowest required current (Tehovnik, 1996).  Supra-threshold stimulation was defined, not as 
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the minimum current required to produce a saccade, but as the minimum current required to 

consistently produce the maximum amplitude saccade vector for a given SCi site.  In all cases, 

the stimulation vector was in close agreement with the preferred vector of neurons recorded just 

prior to stimulation.  The current strength was then fixed at 1.5 times this supra-threshold level 

during each experimental session (mean current = 55 +/- 3 μA; range 20-80 μA).  

3.3.4.1 Prospect Trials - Monkeys were trained on a saccade prospect task (Figure 3.1), so 

named because it was adapted from prospect theory developed by psychologists and behavioural 

economists (Kahneman and Tversky, 1979; Trepel et al., 2005; Tversky and Kahneman, 1992). 

Monkeys were required to direct saccades to one of two potential targets whose expected values 

were manipulated across blocks of trials [expected value = reward probability x reward 

magnitude] (see Table 3.1). We first ran a series of behavioural experiments to address three 

important issues with this task before it could be used in electrophysiological experiments. For a 

more complete description of behavior associated with this task in monkeys refer to Milstein and 

Dorris, 2011 and in a related task in humans to Milstein and Dorris, 2007. First, we established 

that SRTs were influenced by expected value in monkeys and to characterize these effects 

(Milstein and Dorris, 2011). The second issue was that only one of the two potential targets was 

presented on each trial so the animal is not technically choosing between the two options. 

However, there is uncertainty as to which saccade plan will be executed in the time leading up to 

target presentation and saccadic reaction times are much faster when only one target is presented 

than during the competitive interactions that result when two targets are simultaneously 

presented. Consequently, having only one target per trial greatly increased the level of pre-  
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Figure 3.1: Schematic of behavioural paradigms 

Each panel from top to bottom denotes a successive display on the projection screen.  A.  

Prospect trials. Subjects received a liquid reward on trials in which they directed a saccade (black 

arrow) towards the single red target.  The probability (denoted by size of ‘%’ sign) and 

magnitude (denoted by size of water droplet) of the target appearing to the left and right was 

manipulated across blocks of trials. B.  Stimulation Prospect trials.  Supra-threshold 

microstimulation of the SCi was applied during the uncertainty period.  Note unfilled circles are 

not actually presented on the projection screen but denote possible locations of targets.  As with 

prospect trials, only one target appeared on each trial. 
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Table 3.1: Relative expected value of left target across 49 prospect blocks 

 

Probability of Left Target Presentation (%) 

 Magnitude of 

Reward for the 

Left Target (mL) 10 25 40 50 60 75 90 

Magnitude of 

Reward for the 

Right Target (mL) 

0.050 0.02 0.05 0.10 0.14 0.20 0.33 0.60 0.300 

0.050 0.04 0.10 0.18 0.25 0.33 0.50 0.75 0.150 

0.075 0.06 0.17 0.29 0.38 0.47 0.64 0.84 0.125 

0.100 0.10 0.25 0.40 0.50 0.60 0.75 0.90 0.100 

0.125 0.16 0.36 0.53 0.63 0.71 0.83 0.94 0.075 

0.150 0.25 0.50 0.67 0.75 0.82 0.90 0.96 0.050 

0.300 0.40 0.67 0.80 0.86 0.90 0.95 0.98 0.050 

All blocks were used during the behavioural prospect task (Figure 3.2).  For the stimulation spatial series, 

only the bold blocks were used.  For the stimulation time series, only the shaded blocks were used.  The 

0.5 block in the center of the grid was considered the “equal valued block” to which the angular 

deviations from each stimulation session were normalized. The probability of the right target appearance 

was 1-probability of left target appearance. 
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saccadic activity on the SCi map during the uncertainty period that is the focus of our study. It is 

important to note, however, that there is a strong and lawful relationship between SRTs in the 

prospect trials used here and choice preference during two-target trials across a range of 

prospects (Milstein and Dorris, 2011). Third, although human and animal behavior is strongly 

influenced by expected value, choice often deviates from the expected value prediction in 

systematic ways (Gonzalez and Wu, 1999; Hsu et al., 2009; Kahneman and Tversky, 1979; Lau 

and Glimcher, 2005; Lau and Glimcher, 2008; Paulus and Frank, 2006). Therefore, it is 

important to characterize these effects because ultimately it is relative expected subjective value 

(RESV; Glimcher, 2011), not objective, expected value that is the arbiter of choice, and, as we 

hypothesize here, influences saccade planning processes in the SCi (see Milstein and Dorris, 

2011).  

 Subjects were required to hold their gaze on a centrally placed fixation point for 800 ms. 

After this epoch, the fixation point was removed and subjects were required to maintain central 

fixation for an additional 400 ms uncertainty period.  After the uncertainty period, subjects were 

required to shift their gaze to a target presented either to the left or right hemifield relative to the 

central fixation point. After fixating the target stimulus for 300 ms, the subject received a liquid 

reward.  The inter-trial interval was fixed at 1000 ms.  

 The position of the saccade targets was tailored to each stimulation site. Once the saccade 

vector for a particular stimulation site was determined (see above), the two targets were placed at 

equal amplitude but orthogonal to the stimulated saccade vector. 

 We labeled the period before target presentation as the “uncertainty period” because 

during this time subjects knew that the target would be presented at one of two locations but they 
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were uncertain of its exact location until its presentation. The fixed duration of the uncertainty 

period, however, provided a timing signal which promoted the advanced preparation of 

upcoming saccades (Dorris et al., 1997).  Therefore, given the known timing of the saccade but 

uncertainty about its location, we hypothesize that subjects should allocate preparatory processes 

based on the relative value of the targets.  

To receive a liquid reward, subjects were required to initiate a saccade towards this target 

within 70-1000 ms of its presentation.  The value of the two possible target locations was varied 

across 49 blocks of trials (100 ± 15 trials for each block) by changing the relative probability of 

left/right target presentation over 7 levels and the relative magnitude of liquid reward also over 7 

levels (Table 3.1).  The behavioural measure of interest was SRT. 

3.3.4.2 Microstimulation Prospect Trials. We tested the influence of subjective value on the 

spatial and temporal allocation of saccade preparation processes within the SCi with two types of 

microstimulation experiments. 

3.3.4.3 Spatial Series. To examine how subjective value influenced the spatial allocation of SCi 

preparatory processes, on some trials saccades were triggered by applying supra-threshold 

microstimulation during the uncertainty period. It was not feasible within one microstimulation 

experiment to complete all of the 49 prospects used in our previous published behavioural task 

(Milstein and Dorris, 2011). Therefore, 11 prospects were selected that spanned the range of 

expected values (Table 3.1, bolded text). Each block of trials (100 ± 15 trials) was composed of 

50% prospect trials (Figure 3.1A) and 50% microstimulation prospect trials (Figure 3.1B).   

For this spatial series, microstimulation was applied to the SCi 260 ms into the 400 ms 

uncertainty period.  This timing ensured that the stimulated saccade was completed before, and  
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thus could not be influenced by, presentation of the target.  From this perturbed location, the 

monkey then had to acquire the target with a saccade to receive the liquid reward.   

3.3.4.4 Time Series.  To examine how subjective value influenced the temporal allocation of SCi 

preparatory processes, we applied microstimulation at a range of times during the uncertainty 

period.  In the 600 ms time series, microstimulation times were equally likely to be 120, 240, 

360, 480 and 600 ms into the fixed 600 ms uncertainty period.  In the 1200 ms time series, 

stimulation times were equally likely to be 120, 360, 600, 900 and 1200 ms into the fixed 1200 

ms uncertainty period. When microstimulation was applied at the end of the uncertainty period 

for these two time series (i.e., 600 and 1200 ms; ~10% of all trials), target presentation was 

delayed by 100 ms to ensure that visual transients associated with target presentation did not 

interfere with production of the evoked saccades.  Only three prospects were tested in each of 

these time series (Table 3.1, shaded blocks) to collect sufficient data from each of the five 

stimulation times during a single stimulation session. 

3.3.5 Data Analysis.  Trials were aborted online if eye position was not maintained within 3º of 

the appropriate spatial location (excluding stimulation induced saccades) or if saccades were 

initiated outside the temporal window following target presentation. For both stimulation and 

non-stimulation trials this temporal window was 70-1000 ms following target presentation.  The 

first 20 trials from each block were discarded from offline analysis to allow subjects time to 

adjust to the new prospect.  Computer software determined the beginning and end of each 

saccade using velocity and acceleration criteria and accuracy was verified by the experimenter. 

Saccadic reaction time was defined as the time when eye velocity first surpassed 20º/s following 

target presentation. 
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 The endpoints of stimulation induced saccades were sampled when eye velocity first fell 

below 20º/s and remained so for at least 50 ms following the initiation of the evoked saccade.  To 

account for deviations in endpoints resulting from small differences in starting position, the mean 

eye position during the first 18 ms after stimulation was initially applied was subtracted from the 

final endpoint position. This baseline was selected because saccades were never elicited during 

this epoch during any of our stimulation sessions. 

To determine how subjective value influenced the endpoints of stimulated saccades we 

compared the endpoints during each prospect with those during the equal valued prospect (see 

central cell of Table 3.1 and Figure 3.2B). Specifically, we measured the angle between the 

vector constructed from the initial fixation position and the mean of endpoints for a given 

prospect and the vector from initial fixation to the mean of endpoints for the equal valued 

prospect.  

To collapse data across different experimental sessions, it was necessary to normalize 

data from each session to account for variability in the range of angular deviations across 

stimulation sites.  This was accomplished by first subtracting the mean angular deviation from 

the equal prospect block from all the deviations during an experimental session, thus centering 

each session’s angular deviations on 0º.  Then we divided the mean angular deviations associated 

with each prospect by the maximum absolute angular deviation yielded by any prospect over the 

entire experimental session.  This yielded a deviation index whose maximum range was from -1 

to 1. 
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 3.3.6 Description of the dynamic neural field model 

The model is a fully connected, 2-dimensional network of N = 10,000 neuron-like units 

(henceforth neurons) consisting of n = 100 neurons in each dimension. The state of each neuron 

is described by 

 
  (   )

  
    (   )   ∫ (    )  [ (    )]        (   )     (   )     (   )  

where v is interpreted as the time-averaged membrane potential (Hopfield, 1984),      

ms  is the membrane time constant (Trappenberg et al., 2001), w governs lateral interactions 

between neurons,    is selective visual input,    is cognitive input quantifying expected value,    

is electrical stimulation and x denotes spatial location in the map. The firing rate of each neuron 

is related to the state variable v by the sigmoid function  [ ( )]      [       (      )] 

(Wilimzig et al., 2006), where b = 3.75 determines the slope of the function and         is 

interpreted as the maximum firing rate of SC neurons in Hz (Dorris et al., 1997; Van Gisbergen 

and Van Opstal, 1989). The interaction structure w is a shifted Gaussian  (  )       (     

   )     , where        degrees squared determines the width of excitatory lateral 

interactions in visual coordinates,         is a constant determining the strength of lateral 

inhibition and Δx is the distance between locations in the map.  

Gaussian response fields  (  )         (   
     

 ) were defined for each of these 

inputs, where    is the distance from the response field (RF) centre,   determines the width of 

selectivity and k  determines the signal amplitude, indexed by i for each type of input (visual v, 

cognitive c or electrical stimulation s). In the interest of simplicity, all the input signals were step 

functions, the onsets and offsets of which were the same as in the spatial series experiment. The 

signal amplitudes were       ,        and          , where         is expected 
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value (see Table 3.1). The width parameter        of visual and cognitive inputs was the same as 

for    above. We assumed that the spread of electrically-evoked activity in the SCi is 

predominantly mediated by lateral synaptic connectivity (McIlwain, 1988; Van Gisbergen and 

Van Opstal, 1989), setting the width of     to     . Under the above parameters, non-selective 

background firing rates in the SCi model were approximately 10Hz, preparatory activity 

remained below the 250Hz saccade threshold during the pre-stimulation uncertainty period for 

all expected values and simulated visual stimuli evoked bell-shaped population codes with a 

half-width at half-maximum of approximately 7 degrees squared  (Dorris et al., 1997). 

Simulations were run with the standard implementation of Euler's forward method with a spatial 

discretization of 1 degree squared and a timestep of 1 ms. 

3.4 Results 

3.4.1 SRTs as an estimate of RESV 

Across the range of 11 prospects used in this experiment, we found that monkeys 

responded significantly more quickly to targets of higher expected value than targets of lower 

expected value (Monkey B – R = 0.65, p<0.05, Pearson Correlation; Monkey H – R = 0.59, 

p<0.05, Pearson Correlation).  The difference in SRTs between the two targets during the 

prospect task was 329 ms for monkey B and 421 ms in monkey H.  This result matched closely 

with our previous work that described the relationship between SRTs and choice preference – a 

well-established measure of RESV (Milstein and Dorris, 2011).  This work demonstrated that 

under conditions of uncertainty, such as in the prospect task presented here, SRT can act as a 

behavioural estimate of RESV. 
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3.4.2 The influence of RESV on the spatial allocation of SCi preparatory processes 

The goal of the microstimulation spatial series was to examine how activity is spatially 

allocated across the SCi map when there was uncertainty about the direction of the upcoming 

response.  We hypothesized that preparatory processes were allocated under these conditions 

based on the RESV of the potential saccades.  To test this, we applied microstimulation during 

the uncertainty period on half of trials (Figure 3.1B), which triggered saccades to a location 

roughly orthogonal to the possible valued target locations (Figure 3.2A).  Analysis of the 

endpoints of these stimulated saccades provides insight into how activity is distributed across the 

SCi at the time of stimulation (Gold and Shadlen, 2000; 2003; Kustov and Robinson, 1996).  

This is because saccade endpoints are determined by the vector sum of activity across the SCi 

map (Aizawa and Wurtz, 1998; Lee et al., 1988; McPeek et al., 2003; Port and Wurtz, 2003; 

Sparks, 1975) rather than a ‘winner-take-all’ mechanism associated with the site of SCi 

stimulation.  

Figure 3.2B illustrates the analysis of the stimulated-saccade endpoints during three 

different prospects.  Stimulated saccade endpoints tended to deviate towards the higher valued 

targets (Figure 3.2B, blue and black points).  To quantify the degree of deviation across 

prospects we calculated the angular deviation between the mean of the endpoints as compared to 

that of the equal valued prospect (Figure 3.2B, filled green point).  We selected 11 prospects 

which spanned the RESV range as determined by our previous behavioural experiments 

(Milstein and Dorris, 2011) (see bolded cells in Table 3.1).  For both monkeys, the average 

angular deviation correlated to the relative expected value of the saccades (Figure 3.3A; Monkey 

B; R=-0.73; Figure 3.3C; Monkey H; R= -0.80, p<0.05, Pearson Correlation).  In addition, 

average angular deviations  
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Figure 3.2: Illustration of endpoint analysis for three different prospects in monkey B 

A.  Raw eye movement traces resulting from microstimulation.  Each thin line represents a 

stimulated saccade on a single trial.  The red circles represent the potential saccade target 

locations.  B.  Endpoints of stimulated saccades.  Data is the same as that in the upper right 

quadrant in A.  Each small semi-transparent dot represents the calculated endpoint of a 

stimulated saccade.  Large filled dots represent the mean endpoint for each prospect.  Note that 

the y-axes are only half the magnitude of the x-axes to highlight the largely vertical deviations 

given this target arrangement. 
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Figure 3.3: Correlation between angular deviation and value 

A and C.  Mean deviation across experimental sessions as a function of relative expected value. 

B and D.  Mean deviation across experimental sessions as a function of left/right SRT 

differences during prospect trials.  Black diagonal lines represent the least-squares linear 

regression.  Error bars represent standard error of the mean.  N= 7 stimulation sites for Monkey 

B and 12 stimulation sites for Monkey H. 
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correlated to our index of RESV as calculated by the difference of SRTs towards the two targets 

during non-stimulated trials (Figure 3.3B; Monkey B; R= -0.96; Figure 3.3D; Monkey H; R= -

0.91, p<0.05, Pearson Correlation).   

To quantify whether RESV or expected value was a better predictor of angular 

deviations, we compared the correlation coefficients generated from each of these measures on 

an experiment by experiment basis (Figure 3.4).  Overall, deviations were better correlated to 

RESV than relative expected value (p<0.05, paired t-test). Therefore, the findings from this first 

stimulation experiment indicate that, when faced with uncertainty, saccade preparatory activity is 

allocated across the SCi map based on the RESV of potential saccades. 

3.4.3 The influence of RESV on the temporal allocation SCi preparatory processes 

The goal of the stimulation time series of experiments was to characterize the temporal 

relationship between RESV and allocation of SCi preparation processes.  We hypothesized that 

as the expected time of the saccadic response approached, RESV would exert increasing 

influence of saccade preparation processes within the SCi.  We tested this hypothesis first by 

applying, on half of the trials (Figure 3.1B), microstimulation at one of five possible times (120, 

240, 360, 480 and 600 ms after fixation) during the 600 ms uncertainty period.  We tested an 

equal valued prospect and prospects in which the relative expected value of either the right or left 

target was 0.64 (shaded boxes in Table 3.1).  Because the data from these latter two blocks did 

not differ except in terms of the direction of their deviations (p>0.05, Student-Newman-Keuls 

Method) these two data sets were collapsed together.  Moreover, we collapsed the data from both 

monkeys together as their individual data did not differ (p>0.05,  
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Figure 3.4: Comparison of relationship between angular deviations and relative expected 

or subjective value 

Each point represents the correlation from one stimulation experimental session.  N = 19 

stimulation sites. 
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Student-Newman-Keuls Method).  Overall, there was no effect of stimulation time and angular 

deviation when the targets were of equal value (Figure 3.5, solid green line; p>0.05, Student-

Newman-Keuls Method).  However, angular deviations increased in the direction of the higher 

valued targets as the time of target presentation approached (Figure 3.5, solid black line; p<0.05, 

Student-Newman-Keuls Method).   

It was not clear from this temporal analysis whether saccade preparation processes would 

keep increasing indefinitely during the uncertainty period or whether they were tailored to the 

expected timing of the response. To distinguish between these two alternatives, we conducted a 

second stimulation series during each experimental session in which the uncertainty period was 

doubled in length to 1200 ms. In this case, the five possible stimulation times were 120, 360, 

600, 960, and 1200 ms into the uncertainty period.  Like the 600ms time series, we found that 

angular deviations did not vary over time with equal valued targets and increased towards higher 

valued targets as the 1200 ms uncertainty period evolved (Figure 3.5, dashed lines).  Overall, the 

maximum deviation did not differ between the 600 and 1200 ms time series (p>0.05, Paired t-

test.). Importantly, however, angular deviations were greater for the 600 ms time series than the 

1200 ms time series at the shared 360 and 600 ms time points (Figure 3.5, asterisks, p<0.05, 

paired t-test). Together these results suggest that RESV gradually influences saccade plans 

within the SCi, the rate of which is influenced by the expected timing of the action. 

3.4.4 A neural model of the SC reproduces the spatial deviations as a function of expected 

value 

To investigate the potential neural mechanisms underlying the determination of 

subjective value as revealed by the endpoints of evoked saccades, we followed earlier authors by 

simulating the SC motor map with a dynamic neural field model (Erlhagen and Schoner, 2002;  
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Figure 3.5: Influence of expected saccade timing on saccade deviations 

Asterisks denote a significant difference in deviations between the same stimulation times (i.e., 

360 and 600 ms) during the two time series.  Note that data from both left/right directions and 

both monkeys are collapsed together.  N=26 stimulation sites. 
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Kopecz, 1995; Trappenberg et al., 2001). Consistent with the known biophysiology and function 

of the SC, the model encodes spatial location with a continuum of overlapping, bell-shaped 

population codes, the centre of mass of which corresponds to saccade amplitude and direction 

(Lee et al., 1988). The population codes are supported by the effective lateral interactions 

between simulated SC neurons, characterized by local excitation and distal inhibition (McIlwain, 

1988; Meredith and Ramoa, 1998; Munoz and Istvan, 1998). See Van Opstal and Van Gisbergen 

(1989) and Erlhagen and Schöner (2002) respectively for the biophysical basis of the model and 

its applicability to movement planning more generally. 

We modeled the spatial series task by simulating the relevant sensory, cognitive and 

electrical inputs to the SC during each epoch of the task, where Gaussian RFs were assigned to 

each of these sources of input. The cognitive inputs consisted of a relative expected value signal 

that ranged from 0.01 to 0.99. As stated above, we hypothesize that it is the RESV of potential 

actions that is shaping activity on the SCi map rather than the objective relative expected value 

of these actions. Because we examine the full range of possible values for the two targets, we 

capture all possible effects of value and the precise subjective estimate for any one prospect is 

not important. The fixation stimulus was simulated at the center of the map and the two target 

locations were set to one fifth of the distance between fixation and the edges of the map in 

mirror-image directions. These locations correspond to approximately 10 degrees of visual 

eccentricity, consistent with the average stimulation location in the neurophysiological 

experiment. We simulated electrical stimulation by providing a strong input orthogonal to the 

targets and a saccade threshold was set to 250Hz (Dorris et al., 1997; Thevarajah and Dorris, 

2007). The centre of mass of the active population at the time of threshold-crossing was 
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considered the saccade metric (Lee et al., 1988), where the active population consisted of all 

neurons firing at 50Hz or more. 

Consistent with the established role of the SC as an integrator of sensory and cognitive 

signals (Sparks and Hartwich-Young, 1989), increasing expected value moved the centre of mass 

of activation increasingly toward the high-value target (Figure 3.6), reproducing the deviation of 

saccade endpoints evoked by electrical stimulation in the monkeys (Figure 3.7). Thus, our results 

from the spatial series task can be explained by lateral interactions between deep-layer SC 

neurons, consistent with a wealth of earlier experimental (McIlwain, 1988; McPeek et al., 2003; 

Meredith and Ramoa, 1998) and theoretical (Arai and Keller, 2005; Kopecz, 1995; Trappenberg 

et al., 2001; Van Gisbergen and Van Opstal, 1989; Wilimzig et al., 2006) studies, and with the 

hypothesis that the SC does not passively execute upstream executive commands, but plays an 

active role in ultimately selecting saccades (Thevarajah et al., 2009). 

3.5 Discussion 

Our findings indicate that, under conditions of uncertainty, SCi preparation processes are 

influenced by the RESV and expected timing of potential saccades.  We used the difference in 

target-directed SRTs as a measure of the RESV of the targets based on their ability to predict 

free choice during our saccade prospect task (Milstein and Dorris, 2011).  We then examined 

how SCi preparation processes were spatially and temporally allocated based on RESV by 

analyzing the endpoints of stimulated saccades.  The spatial series demonstrated that stimulated 

saccades deviated as a function of the RESV of the targets (Figure 3.3B, 3.3D and 3.4).  The 

temporal series demonstrated that stimulated saccades became increasingly deviated as 

stimulation was applied later in time, the rate of which was tailored to the expected saccade 

timing (Figure 3.5).  Together our results demonstrate that preparation processes in the 
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Figure 3.6: Heat maps showing activation in the SC model during the simulated spatial 

series task  

Each row shows activation in the model during the uncertainty period immediately prior to 

simulated electrical stimulation (left) and at the time of threshold crossing during stimulation 

(right) for a particular Expected Value block.  Top row indicates an Expected Value of 0.5, 

middle row indicates 0.75 and bottom row indicates 0.98. White arrows point to the center of 

gravity of the active population (see text). 
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Figure 3.7: Normalized deviation of electrically-evoked saccades and corresponding 

simulations with the SC model as a function of Expected Value. 

Experimental data show results from the 11 expected values in bold in Table 3.1. Red and blue 

dots correspond to electrically evoked saccades.  Black dots correspond to simulated data points. 

Simulated data show results for expected values from 0.5 to 1 in increments of 0.01 (see text).  

Blue points indicate deviations towards the target in the left hemifield.  Red targets indicate 

deviations towards the target in the right hemifield.  Experimental and simulated data are plotted 

as a proportion of their respective maximum deviations along the target (horizontal) and 

orthogonal (vertical) axes, relative to the unbiased case (expected value 0.5). 



 
 

95 
 

SCi are allocated as a function of both the RESV of potential saccades and their expected timing.  

Representing value in both space and time across the SCi map could contribute to efficient 

saccade preparation under conditions of uncertainty. 

3.5.1 SRTs as a behavioural measure of subjective value 

 SRTs have traditionally been used to measure the chronometry of such cognitive 

processes as attention, intention and motivation among others (see Meyer et al., 1988 and Schall, 

2003 reviews). We have demonstrated that SRTs are also a sensitive measure of the relative 

value of saccades in both humans (Milstein and Dorris, 2007) and monkeys (Milstein and Dorris, 

2011). The difference in SRTs across prospects in this study was 329 ms in monkey B and 421 

ms in monkey H.  This influence of value is remarkably powerful given the simplicity of the 

task; monkeys directed a saccade towards a single, high contrast target presented in the dark. In 

fact, value effects exceeded those of many other well-studied SRT phenomena often by more 

than an order of magnitude (e.g., repetition effects = 7 ms, Dorris et al., 2000; attention = 30 ms, 

Fecteau et al., 2004; motivation = 3 ms, Roesch and Olson, 2004; inhibition of return = 20 ms, 

Dorris et al., 2002; Pro- vs. anti-saccades = 41 ms, Everling and Munoz, 2000).  

3.5.2 SCi preparatory processes are spatially allocated based on relative subjective value 

 The spatial series probed how RESV influenced the distribution of preparatory processes 

across the SCi map.  We adapted a stimulation protocol that was used originally by Gold and 

Shadlen (2000; 2003) who demonstrated that ongoing perceptual decisions were represented in 

developing saccade plans.  The logic of our experiment is rooted in the finding that saccade 

vectors are determined not only by the peak activity, but by the population activity across the 

entire SCi map (Aizawa and Wurtz, 1998; Kustov and Robinson, 1996; Lee et al., 1988; McPeek 

et al., 2003; Port and Wurtz, 2003).  Therefore, analysis of stimulated saccade endpoints can 
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reveal how RESV influences the spatial distribution of pre-saccadic SCi activity during the 

uncertainty period. 

Deviation patterns indicate that SCi preparatory processes are shaped by the relative 

value of the targets.  Specifically, preparatory processes are spatially distributed based on our 

SRT measure of RESV rather than expected value (Figure 3.3 and 3.4).  It is important to note 

that RESV was the dominant influence on saccade preparation in our task because we probed 

with microstimulation during a period in which the animal was uncertain of the upcoming 

response and there were no informative sensory cues present.  Of course, under conditions in 

which saccades are guided by sensory cues, SCi activity is shaped largely by incoming sensory 

signals (e.g., Carello and Krauzlis, 2004; Horwitz and Newsome, 2001; McPeek and Keller, 

2004; Pare and Hanes, 2003). Our results indicate that those studies stressing the role of a single 

decision factor in shaping SCi activity, such as saccade probability (Basso and Wurtz, 1998; 

Dorris and Munoz, 1998) or reward (Ikeda and Hikosaka, 2003), are overly simplistic.  Rather, 

emerging evidence suggests that RESV is constructed from a combination of weighted decision 

variables, two of the most important being probability and reward (Berns et al., 2008a; Gonzalez 

and Wu, 1999; Hsu et al., 2009; Kahneman and Tversky, 1979; Milstein and Dorris, 2007; 

Paulus and Frank, 2006; Trepel et al., 2005).  It remains to be seen how other factors such as 

temporal discounting (Ballard and Knutson, 2009), motivation (Roesch and Olson, 2004), effort 

(Croxson et al., 2009) or risk (Berns et al., 2008b) contribute to the allocation of saccade 

preparation within the SCi. 

We interpret our deviation results as reflecting how RESV influences the distribution of 

saccade preparation across the SCi map at the time stimulation is applied.  Gold and Shadlen 

(2000; 2003) interpreted similar deviations from stimulating the frontal eye fields (FEF) more 
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conservatively; that is, in terms of the influence of ongoing decision processes on developing 

oculomotor commands rather than FEF processing directly.  This was appropriate in their case 

because the saccade command provided by FEF stimulation may have been integrated with pre-

existing saccade biases that came, at least in part, from downstream structures such as the SCi.  

Although, upstream oculomotor regions were likely affected by our supra-threshold SCi 

stimulation through feedback mechanisms (see Wurtz et al., 2005 for review) the saccade would 

be initiated by the direct and faster route from the SCi to the brainstem saccade generating 

circuitry.  Any influence of upstream regions could only be exerted after the saccade was already 

in-flight; however, we observed that saccades deviated both immediately and linearly towards 

the higher valued targets (e.g., Figure 3.2A) rather than increasingly curving towards them. This 

is not to say that brain regions upstream of the SCi are not critical for calculating RESV. Rather 

these value-related inputs shape activity on the SCi map and the proximity of the SCi to the 

brainstem saccade generating circuit directly influences saccade preparation processes are 

allocated. 

3.5.3 The rate at which RESV exerts its influence over SCi preparatory processes is 

influenced by saccade timing 

 Another important finding was that RESV gradually exerted an influence over SCi 

saccade preparation processes as the time of the required saccade approached (Figure 3.5).  

Preparatory processes did not simply increase at a constant rate during the uncertainty period, but 

instead were tailored to expected saccade timing (Figure 3.5). Our previous work, using 

relatively equal valued targets, has shown that a gradual neuronal selection occurs within the SCi 

and that this neuronal selection is functionally involved in preparing and selecting upcoming 

saccades (Thevarajah et al., 2009).  The gradual selection observed here suggests that saccade 
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preparation signals within the SCi evolve as a function of both the RESV of actions and the 

appropriate timing of the response. 

Given the proximity of the SCi to the motor output, such a time-dependent value signal 

may allow the SCi to utilize value information to help select actions while minimizing the risk of 

premature saccades.  If, instead, large value differences were represented in the SCi throughout 

the uncertainty period, noise inherent in these neural signals could surpass the threshold and 

elicit saccades prematurely. 

3.6 Conclusions 

Our results suggest that the SCi map provides a platform where RESV is represented in 

both space and time to efficiently prepare saccades under conditions of uncertainty.  The SCi is 

ideally situated to integrate inputs from a variety of upstream brain regions known to encode 

both temporal (Janssen and Shadlen, 2005; Leon and Shadlen, 2003; Maimon and Assad, 2006) 

and value (Cromwell et al., 2005; Dorris and Glimcher, 2004; Gottfried et al., 2003; Kable and 

Glimcher, 2007; Lau and Glimcher, 2008; McCoy and Platt, 2005; O'Doherty et al., 2006; 

Padoa-Schioppa and Assad, 2006; Platt and Glimcher, 1999; Samejima et al., 2005; Sugrue et al., 

2004) information.  Previous evidence suggests that integration of signals across the SCi map 

occurs following a dynamic neural field organization (Trappenberg et al., 2001; Wilimzig et al., 

2006); that is, mutual excitation occurs between nearby regions and mutual inhibition between 

distant regions (Dorris et al., 1997; Munoz and Istvan, 1998).  Dynamic neural field models 

allow for multiple, simultaneous value representations that, over time, are resolved such that the 

next movement is directed probabilistically towards the highest peak of activity.  From a 

decision-theoretic standpoint, the competitive interactions across the SCi map may provide a 

neural mechanism for representing the values of available actions.  
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Chapter 4  

Preparatory Activity within the Superior Colliculus Reflects the Subjective 

Value of Potential Saccades 

In Preparation 
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4.1 Abstract 

Choosing appropriate actions under conditions of uncertainty requires estimating the value of 

each alternative and then selecting the action whose value is deemed highest.  We tested the 

hypothesis that pre-saccadic activity within the intermediate layers of the superior colliculus 

(SCi) is allocated based on the relative subjective value of the potential saccade targets. 

Specifically, we tested whether baseline preparatory activity, transient visual responses to target 

presentation and/or saccade threshold in a manner that could account for the effects of target 

value on SRTs.  Monkeys performed a task inspired by prospect theory in which they directed 

saccades towards one of two targets whose values were influenced by the probability and 

magnitude of liquid reward associated with each.  A temporal warning period before target 

presentation facilitated pre-saccadic activity under conditions of uncertainty. We observed 

changes in two kinds of pre-saccadic neural activity with changes in target value – baseline 

preparatory activity and transient visual activity.  First, we found that both activity types were 

strongly correlated to changes in reward magnitude.  Changes in reward probability and expected 

value [reward magnitude x reward probability] were also significantly correlated to these neural 

activities but more weakly than to reward magnitude. Lastly, we found that the strongest 

relationship existed between baseline preparatory and transient visual activity, and SRT. This 

was important because previously, we have demonstrated that SRT can act as a behavioural 

measure of subjective expected value in manner typically measured with choice preferences.  

Importantly, target value did not influence the threshold level required to reach saccade 

initiation. Together, our results demonstrate that subjective value is spatially represented across 
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the brain’s presaccadic maps to pre-shape activation, not modulate saccade threshold, for 

planning efficient actions under conditions of uncertainty.  

4.2 Introduction 

 Economic choices involve individuals making decisions based on one’s preferences 

(Padoa-Schioppa, 2011; Samuelson, 1938).  While these choices can be complex, such as 

deciding which car to buy or selecting a mate, economic choices  also extend to the realm of 

simple motor actions, such as deciding where to look (Glimcher, 2003; Krauzlis et al., 2004).  It 

is thought that the circuitry involved in choosing simple actions gave rise to evolutionarily more 

recent circuits that process more abstract and complex decision making (Glimcher, 2003).  Two 

factors shown to influence the planning and execution of simple motor commands at the neural 

level are the probability of reward (Basso and Wurtz, 1998; Dorris and Munoz, 1998; Platt and 

Glimcher, 1999) and the magnitude of that reward (Ikeda and Hikosaka, 2003; Platt and 

Glimcher, 1999).  However, if the goal of the decision maker is to obtain the maximum amount 

of reward over time, then they should choose the option with the highest expected value that is 

calculated from the product of these two factors (Arnauld and Nichole, 1662).   

 Although expected value maximizes reward over time, a wealth of economic and, more 

recently, neuroscience research, has demonstrated that both reward magnitude and probability 

are weighted and combined to form a subjective value (or utility) measure that guides behaviour 

(Gonzalez and Wu, 1999; McCoy and Platt, 2005; Paulus and Frank, 2006; So and Stuphorn, 

2010).  These experiments primarily relied on choice preference to determine the subjective 

value of particular actions (Kahneman and Tversky, 1979; Tversky and Kahneman, 1992).  In 

human studies, the experimenter need only show the subject the proposed gambles through 

verbal or written language and ask which they prefer. In monkey studies, however, the animals 
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must learn to interpret abstract symbols with extensive instrumental conditioning to determine 

their values prior to making a decision (Cai et al., 2011; Padoa-Schioppa and Assad, 2006; Rorie 

et al., 2010; So and Stuphorn, 2010; Yang and Shadlen, 2007).  These studies have demonstrated 

that neural activity correlates with the subjective value of options when monkeys are allowed to 

choose freely between them.  However, the brain structures that typically display value related 

activity, such as orbito-frontal (Gottfried et al., 2003; Padoa-Schioppa and Assad, 2006), 

ventromedial prefrontal (Hare et al., 2010; Kable and Glimcher, 2009) and posterior cingulate 

cortices (Kable and Glimcher, 2007; McCoy and Platt, 2005) are far removed from brain 

structures involved in selecting, preparing and executing movements. Not surprisingly, value is 

represented in these structures in a manner that is poorly correlated to the spatial location or 

timing of ultimate choice movements.  How these relatively abstract or goods-based 

representations of value are used to select and time specific actions is poorly understood.   

Our goal is to examine the neural circuits involved in preparing actions based on their 

value.  Specifically, we will study the relationship between the superior colliculus (SC) and 

saccadic eye movements.  Recently, we showed that when monkeys learn the value of actions 

experientially, their SRTs are tightly correlated to their choice preferences (Milstein and Dorris, 

2011). Thus SRTs are a useful index of saccadic value under conditions of uncertainty especially 

when speeded responses are required.   

The SC is a brain structure involved in the planning and execution of saccades (Munoz et 

al., 2000; Sparks, 1978) and is connected either directly or indirectly to many brain areas thought 

to be involved in the valuation process (Dorris and Glimcher, 2004; Gottfried et al., 2003; Kable 

and Glimcher, 2007; Nakamura, 2006). The SC also rests just above the brainstem omnipause 

neurons thought to exert powerful inhibition over brainstem saccade generating circuits 
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(Moschovakis and Highstein, 1994).  This placement allows signals in the SC to form a map of 

potential saccades to compete with each other without necessarily triggering an eye movement 

(Carello and Krauzlis, 2004; McPeek and Keller, 2002).   

Accumulator models of simple decision-making (for review see Usher and McClelland, 

2001) provide a useful framework for explaining how this decision making process evolves over 

time to aid in the speeded responses seen in these experiments.  In this class of models, an 

activation signal associated with a particular course of action fluctuates with time.  The point at 

which this signal surpasses a threshold level is the time at which a decision is made to initiate the 

associated motor action.  There are three main factors which influence whether and when a 

threshold will be crossed and, by extension, which action will be selected and its associated 

reaction time.  The threshold levels associated with different actions theoretically can vary, 

which would adjust the amount of evidence that must be accumulated to trigger an action (Reddi 

and Carpenter, 2000), however, neurophysiological evidence of this is lacking.  The decision 

signal can rise at variable rates based on the quality and exposure to sensory evidence (Hanes 

and Schall, 1996; Palmer et al., 2005; Shadlen and Newsome, 2001).  Lastly, the baseline of 

activity can shift in association with prior information gathered through experience with a task 

(Carpenter and Williams, 1995; Dorris et al., 1997; Everling and Munoz, 2000; Dorris and 

Munoz, 1998; Riehle and Requin, 1989).  We will observe the influence of value on these three 

parameters to shed further light on which of these mechanisms is responsible for the influence of 

value on choice and SRT. 

Given its connections, location and function, we hypothesize that under conditions of 

uncertainty, changes in the subjective value of available options will be reflected in biases in 

neural activity across the SC visuomotor map, as well as changes in SRT.  To demonstrate this, 
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we will examine the neural activity in the intermediate layers of the SC (SCi) that occurs prior to 

the production of saccades and compare this neural activity to the SRTs of target directed 

saccades.  Specifically, we will measure changes in the level of preparatory activity that occurs 

prior to target appearance, the visual response to the target when it appears and finally the 

threshold level of activity required for triggering a saccade.  To maximize this effect and 

promote speeded responses, we will include a brief uncertainty period prior to target onset 

(Dorris et al., 1997; Munoz et al., 2000; Saslow, 1967). This will allow monkeys to prepare their 

response based on the experientially determined subjective value of the potential targets.  

Together, our results show that preparatory and visual activity within the SCi, but not saccade 

threshold, are correlated to the subjective value of impending saccade choices.  Furthermore, this 

correlation is significantly stronger than that of other decision factors.  This suggests that value 

pre-shapes activity, as opposed to modulating saccade thresholds, across the SCi map in advance 

so choice and SRTs can be more efficient.    

4.3 Materials and Methods 

4.3.1 General Methodology. We recorded the extracellular activity of single neurons in the SCi 

of three male rhesus monkeys (Macaca mulatta) that weighed between 9-14.5 kg each.  All 

procedures were approved by the Queen’s University Animal Care Committee and complied 

with the guidelines of the Canadian Council on Animal Care.  Animals were under the close 

supervision of the university veterinarian.   

4.3.2 Surgical Procedures.  Two male monkeys (Macaca mulata) were trained to perform 

oculomotor tasks. The evening prior to surgery, the animal was placed under Nil per Os (NPO, 

water ad lib), and a prophylactic treatment of antibiotics was initiated [5.0 mg/kg enrofloxacin 

(Baytril)]. On the day of the surgery, anesthesia was induced by ketamine (6.7 mg/kg im). A 
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catheter was placed intravenously to deliver fluids (lactated Ringer) at a rate of 10 ml/kg/h to a 

maximum of 60 ml/kg throughout the duration of the surgical procedure. Glycopyrolate (0.013 

mg/kg im) was administered to control salivation, bronchial secretions, and to optimize heart rate 

(HR). An initial dose was delivered at the start of surgery followed by a second dose 4 h into the 

surgery. General anesthesia was maintained with gaseous isofluorene (2–2.5%) after an 

endotracheal tube was inserted (under sedation) induced by an intravenous bolus of propofol (2.5 

mg/kg). HR, pulse, pulse oximetry saturation (SpO2), respiration rate, fluid levels, circulation 

and temperature were monitored throughout the surgical procedure. To allow access of 

microelectrodes to the SC, a craniotomy was made based on stereotaxic coordinates of the SC, 

centered on the midline and angled 38° posterior of vertical. The stereotaxic apparatus (KOPF 

Instruments) stabilized the animal’s head during implantation of titanium screws, which served 

to anchor the explant (recording chambers and head post stabilized with acrylic cement) to the 

skull. A resin recording chamber (Crist Instruments) allowed for mounting of a microdrive, and a 

stainless steel head holder was embedded in the acrylic explant. The chamber was tilted 38° 

posterior to vertical to allow for access to the SC.  The analgesic buprenorphine (0.01– 0.02 

mg/kg im) was administered throughout the surgery and during recovery (8–12 h). The anti-

inflammatory agent ketoprofen (2.0 mg/kg 1st dose, 1.0 mg/kg additional doses) was 

administered at the end of the surgery (prior to arousal), the day after the surgery, and every day 

thereafter (as required). Monkeys were given greater than 2 weeks to recover prior to onset of 

behavioural training. 

Behavioural paradigms, visual displays, delivery of liquid reward, and storage of both 

neuronal discharge and eye movement data were under the control of a PC running a real-time 

data acquisition system (Gramalkn – Ryklin Software).  Red visual stimuli (11 cd/m
2
) were 
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produced by a digital projector (Duocom InFocus SP4805, refresh rate 100 Hz) and back-

projected onto a translucent screen that spanned 50⁰ horizontal and 40⁰ vertical of visual space.  

Left eye position was recorded at 500Hz with a resolution of 0.1⁰ using an infra-red eye tracking 

system (Eyelink II, SR Research).  Extracellular recording was performed with tungsten 

microelectrodes (0.5–5 MΩ impedance, Frederick Haer) inserted through guide tubes (23 gauge) 

that were anchored in delrin grids with 1-mm hole separations inside the recording chamber 

(Crist et al. 1988). Electrodes were advanced with a microdrive to the dorsal surface on the SC, 

distinguished clearly by large increases in multiunit activity following each saccade or change in 

visual stimuli. The electrodes were then lowered into the intermediate layers of the SC to a 

location with saccade-related activity, and we proceeded to isolate single neurons.   Multi-unit 

waveforms (800 µs, sampled at 40 kHz) were triggered in real-time from amplified and filtered 

(150 Hz to 9 kHz) neural activity recorded with Plexon data acquisition hardware (Plexon). 

Neural and behavioural data were viewed on-line with commercially available software (Sort 

Client 2.1, Plexon) that made it possible to isolate single or multiple neurons from an individual 

electrode.  Data analysis was performed offline using MATLAB version 2007a (Mathworks Inc) 

on an Intel Dual Core Processor personal computer running Windows XP, Service Pack 2. 

4.3.3 Behavioural Task. Subjects received liquid reward for successfully completing a simple 

oculomotor task involving a saccade to a single target (Figure 4.1).  Subjects were required to 

hold their gaze on a centrally placed fixation point for 800 ms. After this epoch, the fixation 

point was removed and subjects were required to maintain central fixation for an additional 400 

ms uncertainty period.  After the uncertainty period, subjects were required to shift their gaze to 

a target presented either in the neuron’s response field or opposite the neuron’s response field.   
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Figure 4.1: Behavioural Paradigm 

Each window represents what the monkey sees chronologically ordered from top to bottom.  Red 

filled circles represent targets and gray unfilled circles represent the neuron’s response field. Red 

arrows indicate saccades.  Water droplets indicate the amount of reward delivered.  The size of 

the percentage signs indicates the probability of target presentation.  In this case, the rightward 

target had a higher value because it appeared both more often and was associated with a larger 

reward than the leftward target.   
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After fixating the target stimulus for 300 ms, the subject received a liquid reward.  The inter-trial 

interval was fixed at 1000 ms.   

 We labeled the period before target presentation as the “uncertainty period” because 

subjects were uncertain of where the target would be presented during this time period.  The 

fixed duration of the uncertainty period, however, provided a timing signal which promoted the 

advanced preparation of upcoming saccades (Dorris et al., 1997; Saslow, 1967).  Therefore, 

given the known timing of the saccade but uncertainty about its location, we hypothesize that 

subjects should allocate preparatory processes based on the relative value of the targets. 

To receive a liquid reward, subjects were required to initiate a saccade towards the 

displayed target within 70-1000 ms of its presentation.  The value of the two possible target 

locations was varied across 49 blocks of trials (100 ± 15 trials for each block) by changing the 

relative probability of left/right target presentation over 7 levels and the relative magnitude of 

liquid reward also over 7 levels (Table 5.1).  The transitions between blocks were unsignaled, 

and occurred after approximately 100 trials.  For a more detailed description of this task and 

associated saccade behaviors see Milstein and Dorris, 2011. 

4.3.4 Neuronal Classification.  We recorded from saccade related neurons located between 1.0 - 

3.0 mm below the SC surface.  The center of a neuron’s response field was defined as the 

location relative to central fixation that was associated with the most vigorous activity during 

target-directed saccades.  One target was always placed in the middle of the response field of the 

neuron (i.e., preferred direction of the neuron) and the other at the mirror image location in the 

opposite hemifield (i.e., non-preferred direction of the neuron) for all behavioural tasks. To be 

included in our analysis, neurons had to have a transient burst of activity that was time-locked to  
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Table 4.1: Relative expected value of left target across 49 prospect blocks 

Magnitude of 

Reward for the 

Left Target (mL) 

Probability of Left Target Presentation (%) Magnitude of 

Reward for the 

Right Target (mL) 10 25 40 50 60 75 90 

0.050 0.02 0.05 0.10 0.14 0.20 0.33 0.60 0.300 

0.050 0.04 0.10 0.18 0.25 0.33 0.50 0.75 0.150 

0.075 0.06 0.17 0.29 0.38 0.47 0.64 0.84 0.125 

0.100 0.10 0.25 0.40 0.50 0.60 0.75 0.90 0.100 

0.125 0.16 0.36 0.53 0.63 0.71 0.83 0.94 0.075 

0.150 0.25 0.50 0.67 0.75 0.82 0.90 0.96 0.050 

0.300 0.40 0.67 0.80 0.86 0.90 0.95 0.98 0.050 

The relative expected value of the right target is 1-relative expected value of left target. The right 

target relative probability is 1-probability of left target. 
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preferred saccade onset that surpassed 100 spikes/s. Two categories of pre-saccadic activity were 

analyzed. 

4.3.4.1 Preparatory activity.  Neurons in this category had pre-target activity that increased 

during the warning period, prior to the target being displayed.  Neurons were included in this 

category if the activity in the 50 ms after presentation of the targets exceeded 30 spikes/s and 

was significantly greater than the 100 ms of activity preceding fixation point offset (paired t-test; 

p < 0.01) (Dorris et al., 1997; Dorris and Munoz, 1998).  All trials, whether the target fell into or 

opposite the neuron’s response field, were included in this analysis.  We sampled this activity 

between 50 ms before and 25 ms after target appearance. 

4.3.4.2 Visual activity.  Neurons were included in this category if they produced a transient burst 

of activity time locked to the presentation of the saccade target. This transient burst had to be at 

least 50 spikes/s above the activity during preparatory period outlined above and be initiated 

within 100 ms after presentation of the target (Dorris et al., 2002).  Only trials where the target 

appeared within the neuron’s response field were included in this analysis. We sampled this 

activity between 25 and 70 ms after target appearance. 

4.3.4.3 Threshold Activity.  Accumulator models that rely on either changes in baseline activity, 

refered to here as preparatory activity, or changes in threshold activity have both been used to 

describe reaction time data.  Because these two models are difficult to differentiate from a purely 

mathematical perspective, we wished to tease them apart with neural data.  As such, we chose 

cells that featured preparatory activity, as defined above, to allow for a direct comparison 

between preparatory activity and saccade threshold activity.  We defined threshold activity in 
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these cells as the mean level of neural activity between 10 and 20 ms prior to saccade onset 

(Hanes and Schall, 1996). 

4.3.5 Data analysis.  Trials were aborted on-line if eye position was not maintained within ±3° 

of the appropriate spatial location or if saccades were initiated outside a 70–1000 ms temporal 

window after target presentation. The first 20 trials from each block were discarded from  

analysis off-line to allow subjects time to adjust to the new value conditions. Computer software 

determined the beginning and end of each saccade using velocity and acceleration criteria and 

accuracy was verified by the experimenter.  To quantify neuronal activity, each spike train was 

convolved with a postsynaptic activation function with a rise time of 1 ms and a decay time of 20 

ms (Thompson et al., 1996).   

We normalized SRTs and neural activities in each block to those in the 0.5 value block 

performed at the beginning of each experimental session.  This allowed us to highlight any 

asymmetries in these factors with increasing/decreasing value.  For example, in Milstein and 

Dorris, 2011, we found that SRTs were lengthened with decreasing value to a greater degree than 

SRTs were shortened with increasing value.  The relationship between decision factors (expected 

value, probability, reward magnitude) and neural activity or SRT were measured with the 

Pearson correlation coefficient.  

4.4 Results 

 The goal of this study was to determine the influence of decision factors on preparatory 

activity, visual activity and saccade threshold activity within the SCi.  To do this, we recorded 

from single cells while monkeys made saccades to targets which differed in their expected 

values.   
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4.4.1 Preparatory Activity 

During a representative experimental session (Figure 4.2A), we found that preparatory 

activity was modulated by changes in relative expected value.  This is seen qualitatively as 

changes in the density of spikes (Figure 4.2A, black dots) at the time surrounding target onset 

(Figure 4.2A, grey window) on each trial.  Blocks of higher expected value tended to have more 

spikes prior to target onset on a trial-by-trial basis when compared to blocks of lower expected 

value.  Additionally, SRTs on individual trials became shorter as expected value increased 

(Figure 4.2A, filled triangles).  This corresponds with previous research demonstrating that in 

cases of uncertainty where speeded responses are favoured, SRTs decrease towards targets of 

higher subjective value (Milstein and Dorris, 2007; 2011).   

These trends were more visible when the mean neural activities of three representative 

blocks were compared within this single experimental session on a block-by-block basis. These 

post synaptic activation functions showed that as relative expected value increased, the level of 

preparatory activity prior to target appearance also increased between blocks (Figure 4.2B).  

Furthermore, the mean SRTs to the target in the neuron’s response field decreased with 

increasing value and neural activity between blocks (Figure 4.2B, coloured dots).  We found that 

across all experimental sessions, relative expected value correlated significantly to preparatory 

activity in 12/34 cells (mean R value = 0.55 ± 0.06, p<0.01). 

 Because behaviour is thought to be influenced more strongly by subjective, rather than 

expected value, a model that takes into account the different weighting of probability and reward 

should be expected to correlate better to neural activity than expected value, which weights both 

factors equally.  As such, we wished to examine how probability and reward magnitude were  
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Figure 4.2: Modulations in Preparatory Activity with Changes in Expected Value 

A - Raster plots for one experiment with a neuron featuring both preparatory and visual activity.  

Each black dot represents a single neural spike.  Blue triangles indicate SRTs to the target in the 

neuron’s response field and red triangles indicate SRTs to the target opposite the neuron’s 

response field.  The coloured bars associated with each block indicate the relative expected value 

of the target in the neuron’s response field.  B - Post synaptic activation functions for a typical 

neuron displaying both preparatory and visual activity.  The blue line indicates a block of low 

expected value, the green line indicates equal expected value and the red line indicates high 

expected value to the target into the response field.  The corresponding coloured dots indicate 

mean SRTs for the entire block, with horizontal coloured lines representing two standard 

deviations of the mean. 
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weighted together to influence preparatory activity.  To achieve this, we performed a multiple 

linear regression between preparatory activity and probability and reward and compared their 

weights.  The absolute values of the weights in this case indicate the relative importance of either 

probability or reward magnitude in predicting neural activity.  In this way, neural activity can be 

estimated with the following equation: 

(    )  (    )                                                                              (4.1) 

Where BR is the weight of relative reward magnitude, R is relative reward magnitude, BP is the 

weight of relative reward probability, P is relative reward probability, Ɛ represents the Y 

intercept, or, defined constant, and N is neural activity in spikes/s. 

First, we found that this weighted linear model correlated significantly with preparatory 

activity in 26/34 cells (p<0.01, mean R value = 0.69±0.01). Furthermore, the corresponding 

weights for each cell individually showed that reward magnitude (mean BR = 60.0±1.6) was 

weighted significantly more heavily than probability (mean BP = 16.4±0.7) (p<0.01, paired t-

test).  The mean value of Ɛ was -23.2±0.7.   

 We hypothesized that ∆SRT would also correlate more strongly with preparatory activity 

than relative expected value, because it also represents the subjective, rather than strictly linear, 

weighting of other decision factors (Kahneman and Tversky, 1979; Tversky and Kahneman, 

1992).  In previous research involving a reaction time saccade task such as the one used in this 

study, a strong link has been observed between choice behaviour and ∆SRT (Milstein and Dorris, 

2011).  Because choice preference has classically been used as a measure of subjective value 

when manipulating target values, this link helped to establish ∆SRT as a behavioural measure of 

relative expected subjective value (RESV – Glimcher, 2011; Milstein and Dorris, 2011) in 
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reaction time saccade tasks. We found that across experimental sessions, the correlation between 

preparatory activity and ∆SRT (mean R value = 0.68 ± 0.08) was significant (Figure 4.3A, 

p<0.01, One way RM ANOVA). 

We took the correlation coefficients from each experimental session for relative expected 

value, the weighted linear model and ∆SRT, and compared them to further understand how they 

influenced preparatory activity (Figure 4.3A).  All differed significantly from zero (Figure 4.3A, 

p<0.01, paired t-test).  The correlation between relative expected value and preparatory activity 

was significantly weaker than the correlations between both the weighted linear model and 

preparatory activity and ∆SRT and preparatory activity (Figure 4.3A, p<0.01, one way RM 

ANOVA).  The weighted linear model and ∆SRT performed equally well (p>0.05, paired t-test). 

4.4.2 Visual Activity 

 Previous work has shown that a variety of cognitive factors modulate the height of the 

transient visual burst of SCi neurons in response to target appearance (Dorris et al., 2002; 

Goldberg and Wurtz, 1972; Ikeda and Hikosaka, 2003; Kojima et al., 1996).  We chose a 

representative experimental session that featured visual activity, but was devoid of preparatory 

activity, to highlight the effects of decision factors on visual activity alone (Figure 4.4A).  When 

we looked at three representative blocks of trials from this experimental session, increases in 

target value led to a similar rise in visual activity, although the target remained the same in terms 

of other physical attributes such as size, colour and luminance (Figure 4.4B). 



 
 

125 
 

 

Figure 4.3: Correlation coefficients between neural activity and decision factors 

Each point represents an individual recording session, with filled circles indicating significant 

correlations and unfilled circles indicating non-significant correlations.  A - Relationship 

between decision factors and preparatory activity.  B - Relationship between decision factors and 

visual activity.  C – Relationship between decision factors and threshold activity of saccade 

initiation.  
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Figure 4.4: Modulations in Visual Activity with Changes in Expected Value 

A - Raster plots for one experiment featuring a neuron with only visual activity.  Each black dot 

represents a single neural spike.  Blue triangles indicate SRTs to the target in the neuron’s 

response field and red triangles indicate SRTs to the target opposite the neuron’s response field.  

The coloured bars associated with each block indicate the relative expected value of the target in 

the neuron’s response field.  B - Post synaptic activation functions for a neuron displaying visual 

transient, but no preparatory activity.  The blue line indicates a block of low expected value, the 

green line indicates equal expected value and the red line indicates high expected value to the 

target into the response field.  The corresponding coloured dots indicate mean SRTs for the 

entire block, with horizontal coloured lines representing two standard deviations of the mean. 
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We found that across all experimental sessions, relative expected value correlated significantly to 

visual activity in 16/37 cells (mean R value = 0.56 ± 0.06).  

To examine how probability and reward magnitude were weighted together to influence 

visual activity we performed a multiple linear regression between visual activity and probability 

and reward and compared their weights, we found that this regression model correlated 

significantly with visual activity in 30/37 cells (p<0.01, mean R value = 0.74). Furthermore, the 

corresponding weights for each cell showed that reward magnitude (mean BR = 115.4±3.4) was 

weighted significantly more heavily than probability (mean BP = -2.5±3.2) (p<0.01, paired t-

test).  The value of Ɛ was –43.7±2.0. 

We then compared the correlations between relative expected value, weighted linear 

model and ∆SRT and visual activity, on an experiment by experiment basis (Figure 4.3B).  We 

found that relative expected value correlated significantly worse to visual activity when 

compared to both the weighted linear model and ∆SRT (p<0.01, one way RM ANOVA).  

However, both the weighted linear model and ∆SRT (32/37 significant correlations) correlated to 

visual activity equally well (p>0.05). 

 A possible confound exists because the majority of cells had both preparatory and visual 

activity (34 of 37 cells with visual activity).  In these cells, it may be that differences in visual 

activity are observed, not because of changes in the visual burst, but because a consistent visual 

burst is added to the variable preparatory activity.  For some neurons (e.g., Figure 4.4A) there 

was no appreciable preparatory activity.  Whether these cells still possess sub-threshold pre-

saccadic activity that may be responsible for the observed changes in visual activity , but that 

cannot be measured with extracellular recordings, is unknown.  
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 For those that had preparatory activity, we subtracted the mean level of preparatory 

activity from the visual burst activity on each trial, and then computed the correlation 

coefficients for each decision variable for each experimental session (not shown).  We found that 

the trend in these R values for each of reward probability, reward magnitude, relative expected 

value and SRT still all differed significantly from 0 (paired t-test, p<0.05) and followed the same 

general trends as outlined above.  

4.4.3 Saccade Threshold Analysis 

 Previous research has shown that changes in SRT are the result of changing baseline 

activity, which we refer to as pre-saccadic preparatory activity, not due to changes in saccade 

threshold (Hanes and Schall, 1996).  We wished to confirm this result by comparing saccade 

threshold activity to decision factors.    

 For all cells featuring preparatory activity (Figure 4.4C), we did not find that correlation 

coefficients for any decision factor differed significantly from zero in any of the 34 cells.   

Furthermore, this result confirms that in the accumulator model, SRT variance is more likely 

attributed to changes in baseline of activity, not changing thresholds. 

4.5 Discussion 

Our results show that neural activity involved in the selection and preparation of saccadic 

eye movements is influenced by the RESV of potential options under conditions of uncertainty.  

We found that both preparatory and visual activities were influenced by relative expected value 

(Figures 4.3).  Furthermore, we found that SRT, a putative index of RESV (Milstein and Dorris, 

2011) was significantly better correlated to both preparatory and visual activity (Figure 4.3) than 

relative expected value.  SRTs correlated equally well to neural activity compared to a model 
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that took into account the different weights of reward and probability.  Reward magnitude had a 

stronger influence on neural activity than probability, suggesting that it was the more heavily 

weighted component of RESV in our reaction time task.  Lastly, we found that saccade threshold 

was not modulated by any decision factor. 

4.5.1 Probability, reward and value signals in the brain 

 Although we have shown the influence of probability, reward magnitude and value in the 

SCi, these signals do not originate there. Neural activity containing information about the 

probability of actions yielding reward and their associated effects on decision making under risk 

have been found in several brain areas in both humans and monkeys.  In a study where subjects 

played a gambling task, activity in the ventral striatum showed a rapid response when reward 

was guaranteed, but a sustained response when reward was uncertain (Preuschoff et al., 2006).  

Furthermore, activity within the anterior cingulate cortex has been correlated with non-linear 

estimates of probability when subjects are asked to choose between risky prospects (Paulus and 

Frank, 2006).  In another study, where subjects learned the probability of reward experientially, 

activity within the dorsomedial prefrontal cortex was found to be negatively correlated with 

reward probability (Volz et al., 2003).  Additionally, midbrain dopamine neurons in monkeys 

increase in activity with the anticipated probability of juice rewards (Fiorillo et al., 2003).  These 

areas provide signals related to reward probability but are not particularly sensitive to the spatial 

locations where rewards are presented or the movement vectors required to obtain those rewards. 

How these signals are transformed from non-spatial representations of probability to specific 

saccade commands in the SC remains unclear. 

 Similar to probability, reward signals with little spatial or motor associations have been 

found throughout the brain in areas such as the striatum (Cromwell and Schultz, 2003; Kawagoe 
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et al., 2004; Lauwereyns et al., 2002), the substantia nigra (Sato and Hikosaka, 2002) and the 

orbitofrontal cortex (Roesch and Olson, 2004).  More spatially dependent reward signals have 

been found in the frontal eye fields (Roesch and Olson, 2003) and area LIP (Platt and Glimcher, 

1999).  These brain areas all project to the SCi, and all may have an influence on the reward 

signals found there. 

 Finally, value related signals that include a combination of both probability and reward 

information have been found in several brain areas.  These brain areas include the orbito-frontal 

(Gottfried et al., 2003; Padoa-Schioppa and Assad, 2006), posterior cingulate (Kable and 

Glimcher, 2007; McCoy and Platt, 2005), lateral intraparietal (Dorris and Glimcher, 2004; Platt 

and Glimcher, 1999; Sugrue et al., 2004) and premotor cortices (Nakamura, 2006; Roesch and 

Olson, 2003), the frontal (Roesch and Olson, 2003) and supplementary eye fields (So and 

Stuphorn, 2010; Uchida et al., 2007), as well as the striatum (Cromwell et al., 2005; Kable and 

Glimcher, 2007; Lau and Glimcher, 2008; Lauwereyns et al., 2002; O'Doherty et al., 2006; 

Samejima et al., 2005).  Given that all of these areas connect either directly or indirectly with the 

SCi, it is plausible that they all influence the value signals found there.  The current work shown 

here suggests that these signals are integrated across a map of potential saccades in the SCi that 

permit early and efficient preparation of the most valuable actions.  

4.5.2 Relative contribution of probability and reward 

 Previous research has shown that both probability of reward (Basso and Wurtz, 1998; 

Dorris and Munoz, 1998) and magnitude of reward (Ikeda and Hikosaka, 2003) both influence 

neural activity in the SCi.  However, these studies failed to integrate these two factors together in 

a single task to determine their relative contributions to neural activity.  We have previously 

shown in both humans (Milstein and Dorris, 2007) and monkeys (Milstein and Dorris, 2011) that 
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both of these factors influence SRTs, as opposed to one factor alone.  Our results show that when 

both factors are modulated to change target value under conditions of uncertainty, the influence 

of reward magnitude outweighs that of reward probability.  Similar ‘risk seeking’ behaviour has 

been seen in monkeys in other decision tasks based on value (Anderson et al., 2002; Baum, 

1979; Davison and Baum, 2003; Lau and Glimcher, 2005; McCoy and Platt, 2005). 

 We assessed the relative contribution of reward probability and magnitude by comparing 

their weights in a simple, multi-variate linear regression.  However, we know from behavioural 

economics literature (see Glimcher, 2011 for review) that these two factors are described best by 

non-linear functions.  Unfortunately, the extreme over-weighting of reward compared to 

probability in this experiment limit our ability to accurately fit these variables to non-linear 

functions.  Future experiments that constrain changes in reward magnitude to lower absolute 

reward values or to a more narrow range of reward changes across blocks will be required to 

increase the importance of probability.  This will allow us to compare neural data to models that 

represent both probability and reward non-linearly (i.e. Prospect Theory), but also to models that 

represent only reward non-linearly (i.e. Expected Utility Theory – Bernoulli, 1738), as has been 

performed on other animal models (Battalio et al., 1985). 

4.5.3 Influence of RESV on neural activity 

 The goal of this study was to determine the influence of subjective value on saccade 

preparatory processes in the SCi.  As we have shown in previous work, SRTs in a forced choice 

task, such as the one used in this study, can act as a behavioural measure of RESV (Milstein and 

Dorris, 2011).  RESV (Glimcher, 2011) describes expected value as not only being subjective, 

but relative to the available options.  SRTs were significantly better correlated to both 

preparatory and visual activity than relative expected value (Figure 4.3).  When we compared the 
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correlation between SRTs and neural activity to the correlation between a weighted linear model 

and neural activity, we found them equally well correlated to neural activity.  Furthermore, 34/37 

cells featured modulations of both preparatory and visual activity.  Our current research 

demonstrates that RESV, as indexed by SRT, reflects pre-saccadic activity in the SCi.  However, 

it should be noted that correlations between pre-saccadic activity and SRT do not correlate well 

for SRTs longer than 200ms (Pare and Munoz, 2001) as a possible confound for using a simple 

linear regression to compare SRT and pre-saccadic activity across a wide range of values.  For 

comparison, reaction times from individual trials recorded during these experiments ranged from 

81ms to 588ms. 

 A possible mechanism by which RESV may influence activity within the SCi is that 

probability and reward are computed and weighted separately in other brain areas, which then 

project onto the SCi to influence pre-saccadic activity over time as information is revealed.  

Once this pre-saccadic activity in the SCi reaches a threshold, a single saccade is initiated.  In 

support of this hypothesis, our data show that preparatory activity gradually rises over time, 

indicating a gradual and active selection process.  If this rise in activity were merely a timing 

signal, it would not vary based on the RESV of the potential targets.  This suggests that the SCi 

may act to integrate value signals from higher brain structures into a map of potential saccades.  

These higher brain structures provide information about the value and timing of potential 

saccades to the SC, but ultimately it is the SC that resolves these inputs and chooses which 

saccade is made.  If the values are highly skewed between the available options, then the choice 

made by the SC is heavily influenced, and therefore faithfully reflects upstream value 

representations.  However, if the values are close (e.g. the 50/50 condition), then the SC may be 

almost solely responsible for choosing between the potential saccade end-points.  Furthermore, 
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RESV seems to pre-shape activity (modulations in baseline preparatory activity) and excitability 

(response to visual targets) in advance of target presentation.  This results in more efficient 

saccades in terms of choice and SRT when faced with uncertainty.  Changes in saccade threshold 

do not appear to be the mechanism by which RESV enacts these effects. 

 In this experiment, we use ΔSRT as a behavioural measure of RESV.  As such, the 

proposed relationship between RESV and neural activity may appear to be circular, as both 

preparatory (Dorris and Munoz, 1998) and visual (Ikeda and Hikosaka, 2003) activity within the 

SCi have been previously correlated with SRT (i.e. RESV influences neural activity which 

influences SRT, a behavioural measure of RESV).  Future work will be required to disentangle 

this possible circularity. 

4.6 Conclusion 

 Our results suggest that under conditions of uncertainty, activity in the SCi reflects the 

RESV of saccade targets throughout the visual field.  Because the SCi sits downstream from 

many connected brain areas that contain signals related to probability, reward, value and timing, 

the SCi represents a prime location to study the influence of RESV on saccade decision making.  

What remains unclear is whether the SCi acts as a relay from upstream brain regions that 

produce a fully-formed value signal, or if it acts to integrate value components from them.  

Further study will be required to determine where these signals originate in the brain, how they 

influence activity within the SCi, and how they change on a trial-by-trial basis.   
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Chapter 5  
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In the previous three chapters, I demonstrated first that RESV can be indexed with SRT 

under speeded response conditions in a manner similar to how choice preferences index RESV 

under slower, deliberate conditions. This was important because it allowed for the use of a 

speeded response task that produced strong pre-saccadic activity in the SC to examine how it 

was affected by manipulations of value. Second, I demonstrated that pre-saccadic activity within 

the SCi reflects the RESV of potential actions.  The influence of RESV on SCi activity was 

shown first as a global readout of the entire visuomotor map using deviations in 

microstimulation-induced saccades and second by recording preparatory and visual activity in 

single neurons. 

In Chapter 2, I hypothesized that, similar to choice preference, SRT can act as a 

behavioural measure of subjective value under conditions of uncertainty when speeded responses 

are favored.  Classically, choice preference has been used to discern the subjective value of 

potential actions.  The advantage of using SRTs as opposed to choice behaviour is that they 

allow for the use of paradigms that maximize pre-saccadic activity in the SCi, which can then be 

measured and related to value.  I demonstrated this by having monkey subjects complete a range 

of experiments designed to test individual components of RESV, namely, reward probability and 

magnitude.  First, I observed that, during single target trials, SRTs were correlated to expected 

value, an objective measure of value.  Next, I compared the SRTs from single target trials to 

choice preferences observed during two target trials.   The relationship established between 

choice preference and SRT demonstrated that under conditions of uncertainty, SRTs can act as a 

behavioural measure of subjective expected value.  Next, when rewards were increased, but the 

relative expected value between the two targets remained the same, SRTs were unaffected.  This 

demonstrated the relative component of RESV.  Lastly, erroneous oculomotor captures to 
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distractors displayed prior to target onset showed that saccade preparation can be allocated to 

specific location within the visual field.  This final experiment only demonstrated this effect in 

crude spatial terms, as there were only 3 distractor locations, however, a more extensive 

sampling of the visual field in humans suggests that saccadic preparation is allocated based on 

the value of the targets and decreases lawfully with distance from those valued targets (Milstein 

and Dorris, 2007). 

 In chapter 3, I hypothesized that subjective value contributes to the shaping of dynamic 

neural fields across the SCi, which are responsible for determining when and where saccades are 

elicited. Using SRTs as a newly established measure of RESV, SRTs were compared to saccade 

targets with micro-stimulation induced saccades.  Although the location of the stimulating 

electrode was positioned in the SCi to induce saccades orthogonal to the visual targets, 

stimulation-induced saccades deviated based on the RESV of saccade targets.  Furthermore, as 

stimulation was applied closer to the time when a target-directed saccade would have occurred, 

deviations increased in magnitude.  The spatial characteristics of these deviations were described 

well by a dynamic neural field model that simulated the SC motor map (Erlhagen and Schoner, 

2002; Kopecz, 1995; Trappenberg et al., 2001; Wilimzig et al., 2006).  This model encoded 

spatial location with a continuum of overlapping, bell-shaped population codes, the centre of 

mass of which determines saccade amplitude and direction (Lee et al., 1988).  These fields 

evolve over time, with distal fields inhibiting each other, biasing saccade preparation towards the 

field of highest activity, and proximal fields summing together to produce saccades that occur at 

the centre of mass between the two fields. 

Whereas chapter 3 measured global activity across the SCi saccade map, chapter 4 

measured the activity of single neurons in the SCi.  I hypothesized that, under conditions of 
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uncertainty, changes in subjective value, as indexed by SRT, will correspond with biases in 

neural activity across the SC map.  I found that RESV was reflected by pre-saccadic activity in 

the SCi.  Specifically, I found that changes in baseline preparatory activity and transient visual 

activity, not changes in saccade threshold, correlated to changes in RESV. 

Given the location of the SC within the circuits that compute RESV and produce 

saccades, there are at least two potential roles for the SC in value-based decision-making which.  

will be flushed out in turn in the next two sections. The first is that the SC may act as the final 

node in the pathway that transforms the value signals found in frontal, parietal and cingluate 

cortices and basal ganglia to specific saccade commands.  The second role is that the SC may 

provide information necessary to update the value representations found in the brain. Activity in 

the SC related to action selection could integrate with activity in the striatum related to potential 

reward outcomes to produce a signal that represents the difference between the expected and 

actual reward outcome.  This ‘reward prediction error’ signal serves to update the value 

associated with potential actions through experience.  In this way, the SC not only integrates 

value related signals from upstream brain areas to ultimately produce goal-directed saccades, but 

also feeds back into the system to aid in the updating of value representations. 

5.1 The role of SC in selecting saccades based on action value 

Representations of value have been found in many brain areas that either directly or 

indirectly connected with the SC.  Some of these brain areas represent value in a manner 

independent of motor action, known as ‘goods-based’ value.  This system allows animals to 

enact decisions independent of simple stimulus-response associations.  Previously, Padoa-

Schioppa and Assad demonstrated such a goods-based value representation in the orbito-frontal 

cortex (OFC - Gottfried et al., 2003; Padoa-Schioppa and Assad, 2006).  In this study, the 
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authors employed a binary choice task that required animals to choose between varying amounts 

of two different kinds of juice to determine their relative values.  They found that activity in the 

OFC was generally insensitive to the spatial configuration of the stimuli or the saccades required 

to foveate them.  Instead, the neurons in OFC responded to either the value of one of the offered 

options, the value of the selected option, or they varied in response in a binary fashion related to 

the type of juice selected.  These three decision factors represent value as a subjective quantity 

dependent on the valuation of the options available, but independent of motor action.  Other 

brain areas that display goods-based value signals include the ventromedial prefrontal (Hare et 

al., 2010; Kable and Glimcher, 2009) and posterior cingulate cortices (Kable and Glimcher, 

2007; McCoy and Platt, 2005).  Unlike SCi, where activity reflects the value of available options 

only prior to saccade onset, these brain areas produce value signals that occur that are weakly, if 

at all, related to the motor response.  This further suggests that these value-related brain areas 

convey a goods-based representation of value that is independent of action.   

Connected with these brain areas are areas that do produce action-specific value signals, 

such as FEF (Ding and Hikosaka, 2006), SEF (So and Stuphorn, 2010) and LIP (Platt and 

Glimcher, 1999).  These areas then connect to the SCi, which then acts on the brainstem saccade 

generation system to produce a saccade.  Given this organization of brain areas, it is possible that 

action- and location-independent value signals in the frontal and cingulate cortices are shaped 

and converted to action and location-dependent value signals in FEF, SEF and LIP.  These 

signals that now encode the value of specific actions throughout the visual field project to the 

SCi, which then outputs a saccade command to the brainstem, resulting in an eye movement.   

Recently, neurons in LIP were found to produce activity based on the salience of visual 

targets, not their value (Leathers and Olson, 2012).  For example, targets of high reward, but also 
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high punishment values triggered high firing rates compared to targets of lower reward and 

punishment values.  How this relates to activity in the SC is unknown.  Additionally, these 

authors reported very little activity during the delay period of their task.  This contrasts strongly 

with previous literature, which reported robust delay period activity (Barash et al., 1991; Gnadt 

and Andersen, 1988).  Further research that explores the responses of SC neurons to targets of 

high and low reward and punishment values will be required to discern whether the SC also 

produces activity based on the salience of targets, not their value. 

The process by which activity corresponding to multiple potential saccades in FEF, SEF 

and LIP are resolved in the SC to produce a single saccade can be explained with dynamic neural 

field theory (Erlhagen and Schoner, 2002; Kopecz, 1995; Trappenberg et al., 2001; Wilimzig et 

al., 2006).  In this theory, the parameters of potential saccades are represented by activation 

fields defined over a continuous space, such as the location of visual targets in retinal 

coordinates.  Each activation field corresponds with a specific saccade, and these fields interact 

with each other by locally exciting each other, leading to an averaging of fields that are encoding 

for saccades of similar properties, and distally inhibiting each other, leading to fields that encode 

for saccades of largely differing vectors to be suppressed, delaying a saccade from being 

generated.  

This can be extended to explain how value signals may shape saccades in the task used in 

this thesis.  During the uncertainty period prior to target appearance, non-spatial value signals 

from the frontal and cingulate cortices influence the processing within more spatially specific 

brain areas where locations in visual space corresponding to potential targets become tagged 

with their relative value.  These signals then project to the SCi, where large populations of 

neurons produce bell shaped activity patterns, with the peak corresponding with the intended 
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saccade vector (Lee et al., 1988). These bell shaped activity patterns correspond with the 

activation fields defined in dynamic neural field theory.  Furthermore, proximal populations of 

neurons in the SCi excite each other, leading to a saccade being produced at the centre of mass of 

the two populations, and distant populations of neurons inhibit each other, leading to saccade 

inhibition (McIlwain, 1988; Meredith and Ramoa, 1998; Munoz and Istvan, 1998).  In the 

context of the task used during the experiments in this thesis, two neural fields may emerge in 

the SCi – one for each potential saccade target.  If the leftward target is deemed to have a higher 

value than the rightward, for example, the activity field encoding for the high value target would 

rise close to the threshold of triggering a saccade, and this boosted activity would distally inhibit 

the activity field associated with the low value target, taking it further away from saccade 

threshold.  Once the high-value target appeared, the high-value activity field would only require 

a small increase in activity to trigger a saccade, likely leading to a saccade with a short SRT 

towards this high value target.  Conversely, if the low-value target appeared, the low-value 

activity field would have farther to travel to cross threshold, probably leading to a saccade with a 

longer SRT towards the low-value target.   

To summarize, the SC receives many inputs from upstream brain structures relating to 

various decision factors and value or salience estimates.  These signals may be contradictory in 

nature, and the neural signals that carry them are noisy.  Through a dynamic neural field 

mechanism, the SC is able to resolve these signals to trigger a saccade command to a specific 

spatial location at a specific time.  If the values of the two available options are highly skewed, 

then the choice made in the SC will faithfully reflect the influence of upstream brain regions 

computing these values.  However, if the values are closer together, then the probabilistic nature 
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of the dynamic neural fields in the SC may overshadow the noisy and conflicting value signals 

from these upstream brain regions, leaving the SC to almost solely choose a saccade target. 

5.2 The role of SC in learning the value of actions 

Whereas the brain areas discussed above represent value to aid in decision making, 

signals that more closely resemble the process of learning and updating the value of actions have 

been found in the striatum (Cromwell et al., 2005; Kable and Glimcher, 2007; Lau and Glimcher, 

2008; Lauwereyns et al., 2002; O'Doherty et al., 2006; Samejima et al., 2005).  The SC feeds 

signals back into this system presumably to provide information related to what action was 

selected.  This information could combine with information from other areas that provide a 

reward outcome signal to aid in the learning/updating of value representations in frontal and 

cingulate cortices.   

Supporting this theory is work done by Peter Redgrave and colleagues, specifically 

concerning the discovery of a direct, dopaminergic pathway from the SC to the Substantia Nigra 

Pars Compacta (SNc), a brain area associated with the basal ganglia motor loop (Comoli et al., 

2003; McHaffie et al., 2006) located in the striatum.  Briefly, this system is thought to selectively 

facilitate the execution of a single motor command, while suppressing all others (Frank, 2005). 

Dopaminergic neurons in the SNc have been shown to respond to unexpected 

biologically salient stimuli with a short-latency, short duration increase in firing rate (Schultz, 

1998).  This response has been studied within the framework that it relates to either the novelty 

of the stimulus (Redgrave et al., 1999), or a potential reward associated with it (Schultz, 1998).  

This response rapidly habituates if it is not reinforced, or if the reward related stimulus can be 

predicted.  When the reward can be predicted, the response of the dopaminergic neurons 

gradually shifts from the primary reward to the predicting stimulus, indicating that an association 
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between the stimulus and the reward has been formed.  However, if the predicted reward is 

withheld, dopaminergic neurons respond with a pause in firing with similar properties to the 

initial short-latency, short duration burst seen in response to novel reward-related stimuli.  These 

short-latency phasic responses are considered critical for reinforcement learning (Montague et 

al., 2004; Schultz, 2002).  This response is believed to provide the basal ganglia and frontal 

cortex with a reward prediction error signal which is used to adjust future behavioural response 

probabilities and ‘teach’ reinforcement learning algorithms in the brain (Schultz and Dickinson, 

2000).  These algorithms use the reward prediction errors to reinforce rewarded actions and 

suppress unrewarded actions, thus biasing the basal ganglia motor loop towards selecting actions 

of higher RESV.   

The candidacy of the SC as a potential supplier of the visual or saccade information 

required to form this reward prediction error signal was explored by recording simultaneously in 

the SC and SNc of rats (Comoli et al., 2003).  These recordings were used to determine the 

relative latencies of visually evoked potentials (VEPs) in both structures.  This demonstrated that 

the initial onset and peak latencies of VEPs in the SC were reliably shorter than those recorded in 

the SNc, which is consistent with the notion that the SC supplies the SNc with visual information 

with which to form a reward prediction error signal.  

 The role of the SC in relaying short-latency visual signals to the SNc was further 

explored by manipulating neurotransmission from the SC with disinhibitory microinjections of 

bicuculline, a GABA antagonist, into the SC.  This resulted in not only the increased amplitude 

of VEPs in the SC, but also in the VEP responses of the SNc.  Conversly, injection of lidocane, 

an anaesthetic, into the SC suppressed VEPs in both the SC and SNc.  Furthermore, aspiration of 

the visual cortex powerfully suppressed both SC VEPs, supporting previous research that the 
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visual cortex is essential for visual processing within the SC (Goodale, 1973; Hardy and Stein, 

1988; Sprague, 1966).  When SC VEPs were suppressed in this way, SNc VEPs were similarly 

suppressed.  Suppression could be overcome via application of bicuculline to the SC 

(Ciaramitaro et al., 1997).  Finally, aspiration of the superficial layers of the SC suppressed 

VEPs in both the SC and SNc irreversibly.   

These studies collectively imply that the SC outputs a signal that contributes to the 

experiential learning of RESV over time.  When considered next to the theory that the SC 

receives inputs from cortical brain areas that would benefit from this learning process, it may be 

that moment-to-moment changes in SC activity would reflect minute, moment-to-moment 

changes in RESV. 

Using the paradigm presented in this thesis, it should be possible to track moment-to-

moment changes in SCi activity on a trial-by-trial basis with a reinforcement learning algorithm 

(For review, see Sutton and Barto, 1998).  I have presented preliminary data supporting this 

hypothesis by using a modified version of the Experience Weighted Attraction reinforcement 

learning model (Camerer and Ho, 1999; Ho et al., 2008; Milstein et al., 2010; Thevarajah et al., 

2010) to approximate changes in preparatory activity during the task presented in this thesis 

(Figure 5.1).  This model incorporates elements of reinforcement learning, both cumulative 

reinforcement learning and average reinforcement learning (or Q-Learning) (Erev and Roth, 

1998), and the impact of forgone rewards (Fudenberg and Levine, 1998).  Although these results 

are preliminary in nature, the model proves to be effective in predicting trial-by-trial changes in 

preparatory activity in response to changes in RESV.  In addition to preparatory activity, this 

model will be used to track trial-by-trial changes in visual activity to establish whether it behaves 

similarly to preparatory activity when the RESV of potential saccades  
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Figure 5.1: Preparatory activity in the SCi compared to predicted activity by the EWA 

reinforcement learning model 

This model predicts the activity of SCi on the current trial by weighting the activity of the 

previous trial with a learning rate (φ), and then factors in the impact of predicted reward 

outcomes (δ).  For model specifics, see Thevarajah et al., 2010.  Each coloured rectangle 

indicates a block of approximately 100 trials of a specific expected value condition.  Each 

coloured line represents preparatory activity per trial, defined as the average neural activity 

observed between 0 and 50 ms after target presentation. Blue line indicates neural data, red line 

indicates the model.  
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change.  Future work should focus on how these moment-to-moment changes in activity in the 

SCi correspond with activity in brain areas representing goods-based value, as well as brain areas 

responsible for updating these value representations experientially. 

The work presented in this thesis adds significant insight into the study of decision 

making by providing evidence to support the theory that value signals in the brain are used not 

only for deliberative, economic decisions, but also for preparing simple motor actions.  We break 

new ground by establishing that these value signals can be observed behaviourally with changes 

in SRT, a well-established measure of saccade preparatory processes.  Furthermore, we show 

that preparatory activity in the SCi is shaped, in part, by RESV, and provide evidence to support 

the theory that RESV influences this activity by shaping dynamic neural fields. 
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Chapter 6  

Summary and Conclusions 
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In this thesis, I have described how relative expected subjective value (RESV) influences 

saccadic decision-making.  I adapted a paradigm used by behavioural economists for use with 

non-human primates, and combined it with both microstimulation and direct single-neuron 

recording to advance our understanding of the role of the superior colliculus (SC), a brain area 

involved in the planning and execution of saccadic eye movements, in transforming value-related 

signals into specific motor actions. 

 The results from chapter 2 demonstrated that saccadic reaction times (SRTs) can act as a 

behavioural estimate of RESV.  This was accomplished by comparing the SRTs to choice 

preferences, a well-studied behavioural estimate of subjective value, while non-human primates 

made saccades to targets of different values.  Furthermore, expected subjective value was 

estimated relatively, rather than the absolutely, to the available options. Lastly, erroneous 

saccades elicited by visual distracters appearing prior to target onset demonstrated that saccade 

preparation was biased towards targets of higher RESV, as opposed to locations associated with 

either lower RESV or no target at all.  Establishing SRT as a behavioural estimate of RESV 

paved the way for the next two chapters, which examined the influence of RESV on activity 

within the SC. 

In chapter 3, the timing and spatial allocation of pre-saccadic activity across the SC map 

was shown to be shaped by RESV.  When saccades were elicited with microstimulation, these 

saccades deviated towards the target of higher RESV.  Furthermore, microstimulation-induced 

saccades increased in deviation as microstimulation was applied closer to target onset.  A 

computational model of the SC accounted for these observed patterns of saccade deviations. This 

model determined saccade endpoints by locating the center of mass of competing neural fields 

across the SC map.  The activity in these fields was influenced by the RESV of the potential 
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saccades they encoded. Together, these results demonstrate that the spatial allocation and timing 

of saccade preparation across the entire SC map are influenced by RESV.  

 Whereas chapter 3 demonstrated the influence of RESV on saccade preparation broadly 

across the entire SC map with microstimulation, this influence was observed at the level of 

individual neurons in chapter 4 via single cell recording in the SC.  Single cell recordings of pre-

saccadic activity indicated that both baseline preparatory activity and activity time-locked to 

target appearance were influenced by RESV.  Together, chapters 2, 3 and 4 serve to advance our 

current understanding of how value signals are transformed into specific, goal directed motor 

actions by the brain. 

 


