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Goals for the talk

• Introduce General Value Function Networks (GVFNs) as a 
recurrent architecture 


• Motivate how GVFNs provide an alternative training 
mechanism to other RNN algorithms



What is a GVF?
A GVF is a value function for a policy ⇡,

cumulant c and termination �, with return:

Gt = c(St, At, St+1) + �(St, At, St+1)Gt+1
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Compass World

• Agent can only see colour 
directly in front of it


• How can it predict (GVF) 
“What is the probability I will 
see Red if I go forward?”

o1 = White, a1 = Forward, o2 = White, a2 = Forward, ...

⇡(forward|s) = 1.0

�(see red) = 0, else 1

c(see red) = 1, else 0
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GVFs as a Predictive 
Representation

• Imagine if you could accurately predict


• What is the probability I will see Orange if I turn right?


• Then you could easily infer 


• the probability of hitting the Green wall if you go forward is 1


• the probability of hitting the Blue wall if you go forward is 0



We can use GVFs to define a new RNN unit



Recurrent NN

truncation parameters [20], particularly if the dependencies back-in-time are longer than the chosen38

p—as we reaffirm in our experiments.39

In this paper, we propose a new RNN architecture that is significantly more robust to the truncation40

parameter in p-BPTT—often achieving better performance with complete truncation (p = 1). The41

key idea is to constrain the hidden state to be multi-step predictions. Such predictive state approaches42

have been previously considered [12, 25, 22, 24, 5]. We formulate an architecture and corresponding43

objective that generalizes beyond previous approaches, enabling these predictions to be general44

policy-contingent multi-step predictions—called General Value Functions (GVFs) [26]. These GVFs45

have been shown to represent a wide array of multi-step predictions [19]. We demonstrate though a46

series of experiments that GVF networks are effective for representing the state and are much more47

robust to train, allowing even simple gradient updates with no gradients needed back-in-time (i.e.,48

with p = 1). We highlight these properties in three partially observable domains, with long-term49

dependencies, designed to investigate learning state-update functions in a continual learning setting.50

Our work provides additional evidence for the predictive representation hypothesis, that state-51

components restricted to be predictions about the future result in better predictive accuracy and better52

generalization. Previously Schaul and Ring [23] showed how a collection of optimal GVFs—not53

learned from while the system was operating—provide a better state representation for a reward54

maximizing task, than a collection of optimal PSR predictions. A competing but related idea is that55

the state need not be predictive. However, if additional auxiliary prediction and control tasks are56

combined with a learned state, then dramatic improvements in reward maximizing tasks are possible57

[10]—even if these tasks are not related directly to the main task. The auxiliary tasks losses cause the58

system to learn a state that generalizes better. Our experiments show that predictive state components59

provide a distinct advantage over an RNNs augmented with auxiliary tasks.60

2 Problem Formulation61

We consider a partially observable setting, where the observations are a function of an unknown,62

unobserved underlying state. We formulate this problem as a partially observable Markov decision63

process (POMDP), though we will not consider reward and rather only the dynamics. The dynamics64

of the POMDP are specified by a Markov decision process (MDP), with state space S 2 Rd, action-65

space A 2 Rc, and transition probabilities P = S ⇥A⇥ S ! [0,1). On each time step the agent66

receives an observation vector ot 2 O ⇢ Rm, as a function ot = o(st) of the underlying state67

st 2 S. The agent only observes ot, not st, and then takes an action at, producing a sequence of68

observations and actions: a0,o1, a1, . . ..69

The goal for the agent in this partially observable setting is to identify a state representation st 2 Rn70

which is a sufficient statistic (summary) of past interaction. More precisely, such a sufficient state71

would ensure that predictions about future outcomes given this state are independent of history72

ht = a0,o1 . . . , at�1,ot, i.e. for any i > 073

p(ot+i|st) = p(ot+i|st,ht). (1)

Such a state summarizes the history, removing the need to store the entire (potentially infinite) history.74

One strategy for learning a state is with recurrent neural networks (RNNs), which learn a state-update75

function. Imagine a setting where the agent has a sufficient state st for this step. To obtain sufficient76

state for the next step, it simply needs to update st with the new information in the given observation77

ot+1. The goal, therefore, is to learn a state-update function f : Rn+m ! Rn such that78

st+1 = f(st,ot+1) (2)

provides a sufficient state st+1. The update function f is parameterized by a weight vector ✓ 2 Rk.79

An example of a simple RNN update function, for ✓ composed of stacked vectors ✓(j) 2 Rn+m for80

each hidden state j 2 {1, . . . , n} is, for activation function � : R ! R,

st+1 =
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truncation parameters [20], particularly if the dependencies back-in-time are longer than the chosen38

p—as we reaffirm in our experiments.39

In this paper, we propose a new RNN architecture that is significantly more robust to the truncation40

parameter in p-BPTT—often achieving better performance with complete truncation (p = 1). The41

key idea is to constrain the hidden state to be multi-step predictions. Such predictive state approaches42

have been previously considered [12, 25, 22, 24, 5]. We formulate an architecture and corresponding43

objective that generalizes beyond previous approaches, enabling these predictions to be general44

policy-contingent multi-step predictions—called General Value Functions (GVFs) [26]. These GVFs45

have been shown to represent a wide array of multi-step predictions [19]. We demonstrate though a46

series of experiments that GVF networks are effective for representing the state and are much more47

robust to train, allowing even simple gradient updates with no gradients needed back-in-time (i.e.,48

with p = 1). We highlight these properties in three partially observable domains, with long-term49

dependencies, designed to investigate learning state-update functions in a continual learning setting.50

Our work provides additional evidence for the predictive representation hypothesis, that state-51

components restricted to be predictions about the future result in better predictive accuracy and better52

generalization. Previously Schaul and Ring [23] showed how a collection of optimal GVFs—not53

learned from while the system was operating—provide a better state representation for a reward54

maximizing task, than a collection of optimal PSR predictions. A competing but related idea is that55

the state need not be predictive. However, if additional auxiliary prediction and control tasks are56

combined with a learned state, then dramatic improvements in reward maximizing tasks are possible57

[10]—even if these tasks are not related directly to the main task. The auxiliary tasks losses cause the58

system to learn a state that generalizes better. Our experiments show that predictive state components59

provide a distinct advantage over an RNNs augmented with auxiliary tasks.60

2 Problem Formulation61

We consider a partially observable setting, where the observations are a function of an unknown,62

unobserved underlying state. We formulate this problem as a partially observable Markov decision63

process (POMDP), though we will not consider reward and rather only the dynamics. The dynamics64

of the POMDP are specified by a Markov decision process (MDP), with state space S 2 Rd, action-65

space A 2 Rc, and transition probabilities P = S ⇥A⇥ S ! [0,1). On each time step the agent66

receives an observation vector ot 2 O ⇢ Rm, as a function ot = o(st) of the underlying state67

st 2 S. The agent only observes ot, not st, and then takes an action at, producing a sequence of68

observations and actions: a0,o1, a1, . . ..69

The goal for the agent in this partially observable setting is to identify a state representation st 2 Rn70

which is a sufficient statistic (summary) of past interaction. More precisely, such a sufficient state71

would ensure that predictions about future outcomes given this state are independent of history72

ht = a0,o1 . . . , at�1,ot, i.e. for any i > 073

p(ot+i|st) = p(ot+i|st,ht). (1)

Such a state summarizes the history, removing the need to store the entire (potentially infinite) history.74

One strategy for learning a state is with recurrent neural networks (RNNs), which learn a state-update75

function. Imagine a setting where the agent has a sufficient state st for this step. To obtain sufficient76

state for the next step, it simply needs to update st with the new information in the given observation77

ot+1. The goal, therefore, is to learn a state-update function f : Rn+m ! Rn such that78

st+1 = f(st,ot+1) (2)

provides a sufficient state st+1. The update function f is parameterized by a weight vector ✓ 2 Rk.79

An example of a simple RNN update function, for ✓ composed of stacked vectors ✓(j) 2 Rn+m for80

each hidden state j 2 {1, . . . , n} is, for activation function � : R ! R,

st+1 =

2

666664

�

⇣h st
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State-update function

st+1 = f(st,ot+1)
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GVF Networks
• An RNN where hidden states are constrained to be value 

function predictions (i.e., GVFs)
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State-update function

st+1 = f(st,ot+1)
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t+1 = ot+1,j

<latexit sha1_base64="ANwXk4b+HCmSeAm+hZvtP1I3Wtw="></latexit><latexit sha1_base64="ANwXk4b+HCmSeAm+hZvtP1I3Wtw="></latexit><latexit sha1_base64="ANwXk4b+HCmSeAm+hZvtP1I3Wtw="></latexit><latexit sha1_base64="ANwXk4b+HCmSeAm+hZvtP1I3Wtw="></latexit>



Change in update

• Additional losses on each node separately


• Combined loss called the mean-squared projected 
Bellman network error (MSPBNE)


• originally introduced by David Silver, for TD-networks 


• Still compute gradient back-in-time, with a more complex 
loss (still use RTRL, or BPTT, etc.)



Experiment in         
Compass World

• Goal: predict probability of reaching a wall of a particular 
colour, if drive forward

• 5 evaluation GVFs


• Random behaviour policy 
results in long-term 
dependencies


• Compared GVFNs and GRUs



GVFN Architectures

• Expert-designed network: 64 GVFs 


• predicting probability of reaching wall, in 1-step, in 2-steps (using 
composition) and multiple steps, under 2 different policies


• Randomly-generated network: randomly generate GVFs 
from a basic set of GVFs



Experiment settings

• Swept GRU size and truncation in tBPTT


• Swept stepsizes for both methods


• Learning for about 300k steps (partial observability is hard)


• Averaged over 100 runs


• RMSE to true value functions for 5 evaluation GVFs



GVFNs are much more effective 
for this long memory problem
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RingWorld domain
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Q1: Is the primary goal to 
estimate the full gradient?

• It is an unreasonable request to adjust the weights based 
on its influence all the way back in time


• Option 1: Approximate this gradient 


• tBPTT, RTRL, UORO, etc.


• Option 2: Consider completely different criteria 


• GVFNs with one-step updates as an approximate fixed-point iteration



Update states using            
a TD update

• Treat as a fixed point problem:


• Ignore gradients back-in-time, treat features as given


• Incorporate eligibility traces


• Lambda-return is less biased, incorporates more information about 
future cumulants (less bootstrapping)


• Also a mechanism for spreading back value (credit assignment)

s(i)t ⇡ C(i)
t+1 + �t+1s

(i)
t+1
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Example in Compass World

• Constantly see zero for the colour, then suddenly hit a 
wall and see a 1, giving a higher TD-error


• Eligibility trace sends back this TD-error, adjusting value 
estimates in previous states to predict a 1 (if gamma = 1)


• Now when return to state, value estimate more accurate


• Not sending back gradient credit; rather, sending back 
return information



Utility of traces for          
GVF networks
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Q2: Can we use traces 
directly for RNNs?

• Traces for the GVFs arise from the definition of the 
lambda-return


• For RNNs, the predictions are not about the future


• Option 1: If GVFs are auxiliary losses, can eligibility traces 
be used effectively?


• Option 2: Can we obtain a principled derivation with 
traces, to send back credit for error on this step to past 
weights?



Preliminary results that not 
effective as auxiliary tasks
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