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Abstract

Monte-Carlo tree search (MCTS) is an influential sequential decision-making algo-
rithm notably employed in AlphaZero. Despite its success, the primary challenge
in AlphaZero training lies in its prolonged time-to-solution due to the high latency
imposed by the sequential MCTS process. To address this challenge, this paper
proposes and evaluates an inter-decision parallelization strategy called speculative
MCTS, a new type of parallelism in AlphaZero which implements speculative
execution. This approach allows for the parallel execution of future moves before
the current MCTS computations are completed, thus reducing the latency. Addi-
tionally, we analyze factors contributing to the overall speedup by studying the
synergistic effects of speculation and neural network caching in MCTS. We also
provide an analytical model that can be used to evaluate the potential of different
speculation strategies before they are implemented and deployed. Our empirical
findings indicate that the proposed speculative MCTS can reduce training latency
by 5.81x in 9x9 Go games. Moreover, our study shows that speculative execution
can enhance the NN cache hit rate by 26% during midgame. Overall, our end-to-
end evaluation indicates 1.91 x speedup in 19x19 Go training time, compared to
the state-of-the-art KataGo program.

1 Introduction

Monte-Carlo tree search (MCTS) [1, 2] is a sequential decision-making algorithm that has achieved
breakthroughs in various fields, such as chemistry [3, 4], medicine [5, 6], and many others. Most
notably, AlphaZero [7] leverages MCTS to reach superhuman-level performance in “board games”
such as Go, Chess, and Shogi. AlphaZero training consists of two phases: @) self-play and @) neural
network (NN) training, as depicted in Figure 1. During the self-play stage, AlphaZero generates
game records by playing against itself, with each move determined by MCTS simulations and NN
inferences. After the self-play phase, the NN is trained on these self-play game records. By alternating
between these two phases, AlphaZero continuously enhances its strategies through MCTS.

Despite AlphaZero’s remarkable decision-making capabilities, the training is considerably time-
consuming, and several factors contribute to long training times. First, AlphaZero training requires
lots of training data per parameter, which is even higher than the well-known resource-consuming
large language model (LLM) training.! Second, the MCTS algorithm involves sequential decision-
making, where each game move depends on the outcome of the previous move. This sequential
nature introduces significant latency. Third, the MCTS simulations evaluate the values of game
positions with neural network (NN) inferences, which also contributes to the prolonged training
times. In this work, we aim to reduce the training time by exploiting speculation-based pipeline

! AlphaZero’s training data per parameter can be estimated by (21M games x 150 positions/game) / (24M
parameters) = 131 positions/parameter. In comparison, LLM’s training sample per parameter is about 20
according to the Chinchilla scaling law [8].
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Figure 1: AlphaZero training consists of self-play and NN training, where self-play is highly resource-
consuming. We categorized the intrinsic “parallelism” in the self-play phase into three categories —
(a) inter-game, which is embarrassingly parallel, (b) intra-decision, such as parallel search algorithms,
and (c) inter-decision, which enables parallel execution for moves within a single game. Our proposed
work aims to address the problem of lack of inter-decision parallelism.

parallelism in AlphaZero training. To this end, we categorize the self-play process into three
dimensions (shown in Figure 1): (a) inter-game, (b) intra-decision, and (c) inter-decision. Most
prior works [7, 9] have focused on parallelizing “inter-game” training, as it is embarrassingly-parallel
and easy to implement. Additionally, several “parallel MCTS” strategies [10, 11] have been proposed
in the literature to explore and exploit intra-decision parallelism. In contrast, to the best of our
knowledge, the challenge of “inter-decision” parallelism, which involves parallelizing the sequence
of decisions within individual games, has not been addressed by prior art. As a result, even with
sufficient inter-game parallelism to collect multiple game records concurrently and efficient parallel
MCTS algorithms in place, the training latency remains constrained by the sequential inter-decision
MCTS self-play, thus limiting the potential benefits from the increasingly powerful high-performance
computing (HPC) resources and systems.

Motivated by the observations above, in this work, we propose and experimentally evaluate specu-
lative MCTS to enable “inter-decision” parallelism. Since MCTS is an Anytime Algorithm® [12],
it allows us to obtain “partial” simulation results (i.e., values and policies) at any point during its
execution, and the simulation results keep refining as MCTS continues to execute. For example, we
have observed that, more than 50% of the search results do not change after a full MCTS and only
20% of the search results would change after performing half of the MCTS simulations. Leveraging
these insights, we propose to utilize the partial simulation results from the current move to predict
the subsequent moves to play. Doing so would allow us to start executing the “future moves” before
the computation of the “current move” is completed and run the MCTS computation of consecutive
moves in a “pipelined fashion”, thus reducing the overall training latency. Additionally, to address the
NN inference latency in MCTS simulations, we integrate an “NN caching” mechanism to accelerate
the retrieval of inference results. Interestingly, even for the cases where our speculation mispredicts,
the NN cached results from the discarded moves can still be utilized for the current MCTS move to
reduce the latency.

In summary, this paper makes the following main contributions:

* We design and implement a “speculative parallelization” strategy based on our insights into
MCTS’s anytime algorithm characteristics. We also conduct a detailed analysis of the NN
cache to explore the synergy between caching and speculation. Furthermore, we conduct
extensive performance evaluations by varying the number of speculative “look-ahead” steps
in Go and NoGo games across different NN sizes.

* We propose an “analytical model” that allows us to estimate the performance gain and
compute resource usage beforehand, which, in general, supports various designs in inter-
decision parallelism. Our empirical evaluations suggest that the proposed analytical model

2An algorithm capable of delivering a “valid” result, even if it is halted before completion.

https://doi.org/10.52202/079017-2813 88665



can accurately estimate the actual latency, with an average RMSE (root mean square error)
of 22.2, across four different settings.

* Our evaluation results indicate that the proposed speculative MCTS can speed up training
latency up to 5.8 in 9x9 Go games. Moreover, we can achieve around 26% higher NN
cache hit ratio during mid-game. Finally, our end-to-end evaluations demonstrate around
1.91x speedup, compared to the state-of-the-art KataGo program.

2 Background

2.1 Monte-Carlo Tree Search

Monte Carlo Tree Search (MCTS) [1, 2] is a widely used best-first search algorithm and has demon-
strated extraordinary performance when combined with neural networks in AlphaZero-like algo-
rithms [7, 13]. Notably, KataGo [9] is the state-of-the-art, open-source computer Go program capable
of defeating top-level human players. In board games, each node in the search tree represents a board
position. During each simulation, MCTS selects the most promising leaf node in the search tree,
and the selected node is then expanded and evaluated. During the evaluation, the NN takes the input
features extracted from the current board position as image inputs and outputs a policy and a value.
Based on the evaluated value, MCTS updates the winning probability estimation for each node on
the selection path. Meanwhile, the evaluated policy is used in the next selection phase to guide the
search process towards more promising moves. By conducting the simulation repeatedly, MCTS
progressively refines its estimate of the optimal decision.

2.2 Motivation

As introduced earlier, the sequential decision- 100%
making process in MCTS leads to high training
latencies, and the lack of parallelism bounds the
training throughput even when more compute
resources are available. In particular, inter-game
parallelism, as shown in Figure 1, is mainly
employed in scale-out training. On the other
hand, intra-decision parallelism — an example
of which is parallel MCTS [10] — provides less
parallelism opportunities since the parallelism 0%
would reduce the strength of MCTS results un-
der the same compute resource bound [11, 14].
These observations motivate us to explore oppor-
tunities for exploiting inter-decision parallelism
to scale the whole training process beyond what
can be achieved by state-of-the-art methods.
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Figure 2: Prediction accuracy when using fewer
simulation counts to predict the 1600-simulation’s
search results.

To show that partial MCTS searches can reasonably predict the full MCTS results, we conduct an
initial experiment using KataGo [9]. The experiment measures prediction accuracy by calculating
the fraction of correct predictions made with fewer simulations relative to the complete MCTS with
1600 simulations.> As depicted in Figure 2, a partial-search with 800 simulations can achieve an
83.8% prediction accuracy with respect to the full-search, which means that 83.8% of the search
results remain unchanged after another 800 simulations. As expected, using fewer simulations leads
to lower prediction accuracy. These results provide insights indicating that, more simulations are
executed, more confidence we have in the current best candidate. However, several critical board
positions could still alter the search outcome in the last few simulations. Consequently, we cannot
simply speed up MCTS by using fewer simulation counts, as those 16.2% mispredicted search results
(from 83.8% to 100%) are vital for improving strength from the 800 to 1600 simulations.

3 Related Works

In this section, we discuss the prior works that are most relevant to our paper.

3Similar evaluations and observations can be done with different MCTS simulations (see also Appendix A.1).
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Parallel MCTS and other parallel decision tree search algorithms, in a broader sense, belong to
the intra-decision parallelism. The parallelization can be implemented in root-level, tree-level, and
leaf-level [10]. Several techniques have been proposed to enhance parallel MCTS performance, such
as lock-free data structures [15] and virtual loss [10]. Prior study [16] proposed to combine multiple
MCTS parallelism, while further study [11, 14] showed that leaf-level parallelism could reduce the
performance even only with four workers. Furthermore, prior work [17] proposed to modify the
UCT formula to make MCTS more suitable for parallelization. Overall, these previous approaches to
“intra-decision” parallelism can potentially be integrated with our “inter-decision” parallelism.

Speculative parallelism has also been applied to the A* algorithm [18] where nodes are speculatively
expanded during the search process. Additionally, prior work [19] speculatively executes MCTS
simulation by predicting the next move using a smaller NN. In contrast, our work leverages the anytime
algorithm characteristic of MCTS to predict future moves. We focus on addressing the inherent
sequential nature of multiple MCTS gameplays that belong to the inter-decision parallelism. On the
other hand, speculative parallelism has been explored in non-MCTS contexts and designed at various
levels, such as hardware prefetching, thread-level speculation, and compiler loop speculation [20, 21].

4 Methodology

In this section, we first present the details of our proposed speculative MCTS approach. Then, we
analyze the speculative execution using our analytical models in Section 4.2. Finally, we discuss the
synergy effects when combining NN caching with speculative MCTS in Section 4.3.

4.1 Speculative MCTS

(a) Original (0-step look-ahead)

Move 1 | Yo | %)

Move 2 % | %3

Move 3 % | %) |
(b) Speculation (1-step look-ahead) \\ Move prediction
- Move 1 | A % B ) Success speculation
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Figure 3: (a) Original execution where each move proceeds sequentially, and (b) Speculation pipeline
where the next move is speculatively executed in parallel based on the prediction. Each 1/2 block
indicates half of the MCTS computation for a move.

MCTS allows us to obtain partial search results at any point during execution, as it continually
updates the search results throughout the process. Hence, we can divide the tree search process into
n stages, with each stage handling 1/ of the total computation. Figure 3 illustrates an example of
dividing the tree search process into two stages. In this scenario, when the total number of MCTS
simulations for a move is, say, 800, each stage will have 400 simulations. The state-of-the-art MCTS
(Figure 3(a)), including parallel MCTS [10], proceeds to the next move only after the current tree
search is completed.

On the other hand, in our speculative MCTS, we leverage the partial search results from the current
pipeline stage to predict the next move. In this example, we predict the final outcome of an 800-
simulation MCTS using the results from the first 400 simulations. Based on this prediction, we then
start the tree search of the next move. Therefore, the next move is speculatively executed in parallel
with the ongoing tree search of the current move, as depicted in Figure 3(b). Case 1 in Figure 3(b)
shows a “successful” speculation where the pipeline execution can continue to proceed, whereas Case
2 illustrates a “failed” speculation, which needs to flush the pipeline and restart the tree search for the
next move (Move 2).
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Figure 4: (n — 1)-step look-ahead speculation contains n pipeline stages. Case 1 shows a successful
prediction pipeline, whereas Case 2 illustrates a failed speculation, leading to a pipeline flush.

In general, we can speculate (n — 1)-step ahead from a move by partitioning the tree search process
into n pipeline stages, as shown in Figure 4. We define O-step look-ahead speculation to be the same
as the original execution pipeline, namely, with no speculation occurring when n = 1. In Case 1 of
Figure 4, successful speculation reduces the latency to % of the original move while maintaining the
same compute resources. In contrast, in Case 2, a failed speculation results in the same latency as the
original move, with increased compute resource demand to "T“ due to the pipeline flush.* Moreover,
one could potentially design various speculation strategies to reduce the pipeline flush cost, and we
will discuss this further in the following section and in Appendix A.2.

4.2 Speculation Analysis

In this section, we present an “analytical ap- 1—p
proach” to estimate the speedup of end-to-end

latency and compute resources. As discussed P

earlier, we have obtained the expected latency

required for Case 1 and Case 2 in Figure 4. By P
knowing the fraction of time the pipeline spends

in each case, we can estimate the end-to-end Figure 5: The finite state machine corresponds to
expected speedup as a “weighted average” over the speculation pipeline in Figure 3(b), containing
the expected latency for each case. Hence, we two states: successful (S) and failed (F) specula-
first model the speculation pipeline (Figure 3(b)) tion, and the prediction accuracy p.

into a finite state machine (Figure 5), and then

solve for the “steady-state” probability distribution of the pipeline. Since each pipeline case only
depends on the previous one, the finite state machine satisfies the Markov Property. In general,
given a finite state machine with transition probabilities, we solve for the steady-state probability
distribution of the finite Markov chain using the following linear equations:

1-p

{qM =q 0

lall = 1,

where M is the given “transition matrix” and the row vector q represents “steady-state probability
distribution”. After solving the equation, we can calculate the expected end-to-end latency by the
inner product of q and a column vector L that contains the expected latency of each pipeline case.
Then, the end-to-end latency is given by qL. Similarly, the compute resource required for each
pipeline case is defined as R, and the total amount of required compute resources is qR.

Taking Figure 4 as an example, as previously discussed, we can write down the latency vector as
T
(n+1)

2
Figure 5, we can determine the expected end-to-end latency and compute resources for the n-step

T . .
L = (1,1)" and the resource vector as R = (1, . Based on the finite state machine in

“In this context, compute resource is the sum of pipeline flush cost (orange stages in Case 2) and recomputa-
tioncost=%+%+...+%;1>+1:(’17;'l>.
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look-ahead speculation and arrive at the following results:
pr := Pr (make a success (n — 1)-step look-ahead speculation) )

1
Ellatency] = py - —+ (1 =pn) -1 ()

n+1

o 4)
It is to be emphasized that our analysis is general and applicable to different speculation-based
pipelining strategies (see also Appendix A.2), thus enabling us to provision the various pipeline
designs beforehand, based on the insights from our analysis.

Elresource] = pp - 14 (1 —py) -

4.3 Synergizing Speculation and Neural Network Caching

I

Current Move: ‘ ‘

Time

Next Move: ‘ ‘

[

Figure 6: In speculative MCTS, parallel moves share cached NN inference results, which accelerate
the execution mutually.

The NN inference results at each tree node can typically be cached in a hash table, with the NN input
being the hash key.? The costly NN inference can thus be alleviated during tree node evaluation upon
a cache hit. This caching technique also applies to our speculative MCTS. In the original MCTS,
different moves access the NN cache in sequence according to the gameplay order. As a result, the
current move can only benefit from the inference results cached by previous moves and the current
move itself. Unlike the original MCTS, speculative MCTS allows both the current and the next moves
to simultaneously access the NN cache. Thus, regardless of which move performs the node inference
first, the subsequent tree search can benefit from the cached NN results. For example, the dark green
nodes in Figure 6 represent the shared positions between the current and next moves, which can
potentially accelerate the execution mutually via the shared NN cache. In essence, both the current
and speculated moves can take advantage of the NN inference results, and thus, the cache hit rate is
expected to increase as the speculative look-ahead step increases. Furthermore, even if the speculated
moves are mispredicted and subsequently flushed, their NN inference results can still serve future
moves and are likely to contribute to the hits in the main sequence of MCTS. Therefore, we expect
the synergy between “speculation” and “caching” to provide more speedups than employing each
technique individually.

Moreover, based on the introduced analysis, we can estimate the latency as follows:
E[latency w/$] = E[latency w/o $] x (1 — hr) + to, ®)

where hr denotes the NN cache hit rate, ¢ is the time to access the hash table, which is significantly
shorter than performing an NN inference, and E[latency w/o $] can be obtained from Equation 3.

5 Evaluations

In this section, we first provide our experimental setting in Section 5.1. Then, we evaluate the training
latency in Section 5.2, and study the NN cache hit rate in Section 5.3, to provide insights into our

5To avoid the GHI problem, we only allow two identical board positions to share the same NN cache when
they have the same history, particularly for the Go game [22, 23].
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observed speedups. Finally, we evaluate the performance of end-to-end training and compare our
proposed method against state-of-the-art approaches in Section 5.4.

5.1 Experimental Setting

We evaluate our speculative MCTS approach on 9x9 NoGo [24], 9x9 Go, and 19x19 Go games
using different NN sizes. The NN models consist of ResNet blocks [25], denoted as bXcY, where X
represents the number of blocks and Y is the number of channels per block. The input features for
NoGo and Go games follow the configurations established in prior works [26, 27]. Additionally, all
models are trained from randomly initialized weights, and the self-play simulation is 800.

Our experiments are conducted on a cluster that consists of 8 NVIDIA V100 GPUs per node. We
train four NN models, (9x9 go, b5c64), (9x9 go, b10c128), (9x9 nogo, b5c64) and (19x19 go, b6c96),
and each model is trained for 1400 V100-hours. For the latency evaluation in Sections 5.2 and 5.3, we
run the experiments on one GPU and measure the latency by averaging the results over 100,000 game
moves. For end-to-end evaluation in Section 5.4, we use 5 GPU nodes for both two runs. Moreover,
we perform a strength evaluation against the state-of-the-art method, using an extra 280 V100-hours.
In all our evaluations, the batch sizes for training and inference are set to 1024 and 24, respectively.

5.2 Evaluation of Training Latency
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Figure 7: Speedup for speculative MCTS across various speculative look-ahead steps, with each sub-
figure representing a different (game, NN size) setting. OOM denotes “out-of-memory” evaluation.

This section evaluates the per-iteration self-play latency with different configurations of speculation
look-ahead steps and NN caching. Figure 7 shows the speedup of our speculative MCTS compared to
the baseline (original) MCTS, which is executed without speculation (i.e., 0 look-ahead step). Based
on our analysis described in Section 4.2, the light blue and orange bars indicate the expected speedup
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without NN cache (denoted as E[w/o $]) and with NN cache (denoted as E[w/$]), respectively, whereas
the dark blue and orange bars show evaluated speedups without and with NN cache, respectively.

For the performance without the NN cache (blue bars), the results indicate that all speculation
cases are faster than the baseline. Among the results, the speculation with four look-ahead steps
achieves a speedup of 2.37 over the baseline in (9x9 go, b10c128). We also observe that, in general,
performance improves when the speculative look-ahead step is increased, but the speedup does not
improve significantly. The reason is that, as the speculative look-ahead step increases, we predict
the next move with MCTS partial results of fewer simulations. As a result, the accuracy of the
speculative prediction might be reduced, leading to less speedup improvement. For the comparison of
the estimated speedup and the evaluated speedup, Equation 3 gives a close estimation of 22.2 RMSE
(root mean square error) across all four settings.

For the performance with NN cache (orange bars), the speedup increases as the speculative look-ahead
step increases, and we achieve a speedup of up to 5.81 with five speculative look-ahead steps over the
baseline MCTS in (9x9 go, b5c64). Furthermore, we observe that the values of evaluated speedups are
greater than those of the estimated speedups among all four settings. This is because our analytical
modeling (Equation 5) does not take the synergistic effects into account. Therefore, combining
speculation and NN cache would, in general, lead to a better speedup. Overall, the speculation with
the NN cache offers at least 1.25 speedup over the baseline (0 look-ahead step) with the NN cache,
and achieves 2.1 times improvement, on average, compared to the speculation without the cache.

5.3 Evaluation of Cache Hit Rate
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Figure 8: NN cache hit rate across different Figure 9: NN cache hit rate for each move
speculative look-ahead steps. across various speculative look-ahead steps.

In this section, we dissect the speculative MCTS speedup in (nogo, b5c64) by examining the
contribution of the NN cache hit rate to the overall performance. Figure 8 indicates that, as the
speculative look-ahead step is increased, the NN cache hit rate also increases, aligning with our
discussion in Section 4.3. To further investigate the source of this improvement, we measure the
cache hit rates of each move during self-play. The result in Figure 9 reveals that the cache hit rates are
high at the beginning and the end of the game, but drop in the middle of the game. In general, the NN
cache hits come from two sources: (1) intra-game hits, which leverage temporal locality as moves
within a game often overlap in multiple MCTS’s tree nodes, and (2) inter-game hits, which are akin
to caching an opening book for the game and the concept is similar to the “joseki” in Go. Hence, the
result matches our intuition that common opening board positions are shared across different games
while many endgame moves recur in tree searches within the same game, thus leading to high cache
hit rates. During the middle of the game, MCTS explores more board positions compared to the
opening and endgame, and thus, move decisions are more divergent, leading to lower cache hit rates.
In this case, our speculative MCTS can provide more intra-game hit opportunities, which improve
the cache hit rates. This can be observed at move 7 in Figure 9, where the cache hit rate is increased
from 36% with no speculation to 62% with 5-step ahead speculation—an improvement of 26%.

5.4 Evaluation of End-to-End Training

In this section, we evaluate the performance of our speculative MCTS against the state-of-the-art
method. The KataGo [9] model and its training are based on settings in the public repository [28].
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Figure 10: End-to-end training evaluation against the state-of-the-art method, KataGo.

Since our training settings described in Section 5.1 are different from those of prior works, we
extrapolated their training time. Furthermore, for each model iteration, we play 400 games against
KataGo’s model to evaluate the Elo rating [29], establishing a 95% confidence interval for the win
rate within £5%.

Figure 10 shows the comparison result. The results show that the training performance of MCTS
without speculation (0-step) aligns with the state-of-the-art Go program, KataGo. Moreover, our
speculative MCTS with 1-step look-ahead speculation achieves 1.91 x speedup over KataGo when
reaching 7,000 Elo rating. This performance also aligns with the per-iteration evaluation result in
Figure 7d. Though we only evaluated our method with only 1-step look-ahead speculation since
the training is resource-consuming, we expect the end-to-end training will follow the same trend in
Figure 7 and continue to scale up further when more compute resources are available.

6 Discussion

6.1 Design Alternatives for Inter-Decision Parallelism

To achieve inter-decision parallelism in MCTS, we need to break the “sequential” nature of the
gameplay, and this typically comes with predicting the next move. Naively, we could store all
transitions of the game states so that when a new move is started, we can immediately execute the
next move or even several future moves in parallel. However, in practice, this is not feasible due to
the complexity of the game. On the other hand, in contrast to the prior work [19], which needs an
extra NN for speculation prediction and incurs additional cost, our method leverages the anytime
algorithm characteristics of MCTS, and this naturally leads us to our proposed approach.

6.2 Design Choices in Speculative MCTS

The design of speculative MCTS involves (1) improving prediction accuracy, and (2) reducing the
speculation cost. For the first design dimension, we investigated the number of steps to look ahead
in the speculation. Our evaluation shows that, even with only one look-ahead step, we can speed
up the training up to 3x. Furthermore, the training can benefit from more speculative look-ahead
steps when adding more computing resources. For the second design dimension, we integrate NN
caching, and more importantly, our analytical method supports general design spaces, which can
analyze potential speculation strategies beforehand.

6.3 Limitation of Speculative MCTS

Speculative MCTS introduces a new dimension of parallelism. This approach is more beneficial
when computing resources are abundant. When the game duration or the total MCTS simulation
is short, the performance gain would be limited since the performance improvement comes from
looking ahead into future moves. Fortunately, game applications typically utilize high simulation
counts or require a lengthy sequential decision process and, thus, can benefit from our approach.
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7 Concluding Remarks

In this paper, we introduce and experimentally evaluate speculative MCTS as a novel “inter-decision”
parallelism maximization strategy, to reduce the time-to-solution in AlphaZero training. We provide
insights into the anytime characteristic of MCTS, which allows us to predict future moves with partial
search results and speculatively execute the future moves with the current move in parallel. We further
introduce the NN cache and analyze the synergy between the caching mechanism and speculation.
Additionally, we propose an analytical model that can be used to analyze and evaluate different
speculation strategies/implementations. Our empirical results indicate that the proposed speculative
MCTS can accelerate training by up to 5.81x in 9x9 Go. The end-to-end training results also show
a 1.91x speedup on 19x19 Go game training, compared to a state-of-the-art Go program, KataGo.
Finally, our speculative MCTS can combine with other intra-decision parallelism approaches, such as
parallel MCTS [10], to enable further performance improvement.
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A Appendix / Supplemental Material

A.1 Scaling of the Prediction Accuracy

In addition to Figure 2, Figure 11 further evaluates the prediction accuracy for simulations ranging
from 50 to 3200. In general, the prediction accuracy follows a consistent trend across all evaluations.
These results highlight that prediction accuracy scales effectively among different simulations and
further suggest that our speculative MCTS approach is scalable across various numbers of simulations.
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Figure 11: Prediction accuracy using 50 to 3200 simulations as the full MCTS simulations.

A.2 Alternative Speculation Strategy

Alternative Speculation (1-step look-ahead)

\ Move prediction

- Move 1 | %3 %3 B ) Success speculation
% Move 2 1 1 ) Failed speculation
© Move3 Y, s

~ Movel | % Y,

@ Move 2 Y Yy Y

© Move 3 Yoy Y Time

Figure 12: Alternative speculation pipeline with 1 look-ahead step. Specifically, in Case 2, the
speculation starts immediately after a pipeline flush.

As discussed earlier in Section 4.1, when the speculation fails, the pipeline is flushed and pipeline
“bubbles” are introduced. This section explores an alternative design: instead of inserting pipeline
bubbles, the speculation is immediately started based on the prediction from the prior tree search
result. For instance, in Figure 12, Case 2 shows that, when the speculation for Move 2 fails, the
pipeline can still speculate Move 3 using the prediction from the previous move (Move 1).
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Figure 13: The finite state machine corre- Figure 14: Visualization for the expected la-
sponds to Figure 12, containing two states: tency of the speculation pipeline in Figure 12,
gl (guess 1-step ahead) and g2 (guess 2-step ~ which is a function of prediction accuracy pg,
ahead), and the prediction accuracy pg,,pg,.  and pg,.

Similar to Figure 5, we first formulate the finite state machine, shown in Figure 13, based on the
speculation pipeline cases in Figure 12, where p,, := p; as defined in Equation 2 and p,, is the
probability to make a successful prediction using the prior tree search result. Specifically, gl has pg,
probability to remain successful prediction, thus having (1 — pgy, ) probability to transit to the g2 state.
On the other hand, g2 remains a successful prediction when both pipeline stages make successful or
failed prediction, corresponding to the probabilities of pg, pg, and (1 — pg, )(1 — pg, ), respectively.
As a result, we can obtain the transition matrix:

L—=p
M = Pg g1 . 6
<p91 + Pg> — 2pglp92 1 —DPgy — Py + 2p91pgz> ©

Following Equation 1, we can solve for the steady-state probability distribution q via a symbolic
solver like SymPy [30], which gives us:

q= 2Pg1 Pgy —Pg) —Pgy Pgy —1 (7)
2Pgy Pgs —Pgy—1 2pgyPgo —Pga—1 ) °

Further, we can obtain the expected latency for each state based on Figure 12 and Figure 13:

1
E[latency of gl] = pg, - 3 +(1—pg)-0= p;l ®
1 3
Eflatency of g2] = Pg1Pg> 5+ (1- pgl)(l - pgz) -1+ (pgl + Dgs — 2]9911992) T C)

2 4’

and thus, L = (E[latency of gl], E[latency of g2])T. Finally, based on the inner product of q and L,
we arrive at the expected latency for the speculation pipeline:

2p3 D, — Dy, + 205,05, — 8Dy, Do + 205, — 3Dg, D5, + 11Dg, Dy, + Py, + Dy, — 3pg, — 4
4. (2pglp92 — Pgo — 1) .

(10)

Figure 14 shows the visualization for E[latency] in Equation 10, which is a function of prediction
accuracies py, and pg,. In the visualization, we can clearly see that, when all predictions are
successful, i.e., pg, = 1 and E[latency] = 0.5, we reach the ideal 2x speedup, and this matches
our intuition. When we fix p,, , the higher the prediction accuracy p,,, the lower the overall latency.
Similarly, when we fix pg,, the higher the prediction accuracy py, , the lower the expected latency.
Moreover, suppose we obtain (pg, , pg,) = (83.8%, 79.8%) from a profiling similar to Figure 2 in the
Go game. In this case, we see the expected latency speedup to be 1.84, while the method in Section 4.1
has a lower speedup of 1.72. However, the speedup is improved at the cost of complexity in the
implementation. Nevertheless, our analytical model in Section 4.2 can be successfully adapted/applied
to various speculative MCTS designs.
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NeurlIPS Paper Checklist

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]
Justification: We include main claims in the abstract and introduction.
Guidelines:

e The answer NA means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

* It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]
Justification: Limitations of the work are discussed in Section 6.
Guidelines:

* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.

* The authors are encouraged to create a separate "Limitations" section in their paper.

The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.

* The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

* The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

If applicable, the authors should discuss possible limitations of their approach to
address problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory Assumptions and Proofs

Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?

Answer: [Yes]
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Justification: Theory proofs and analysis are provided in Section 4.2 and Appendix A.2.
Guidelines:

* The answer NA means that the paper does not include theoretical results.

* All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

* All assumptions should be clearly stated or referenced in the statement of any theorems.

* The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

¢ Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

* Theorems and Lemmas that the proof relies upon should be properly referenced.

4. Experimental Result Reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main ex-
perimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: [Yes]

Justification: Detailed experimental settings are provided in Section 5.1, and all evaluations
are results of multiple runs.

Guidelines:

* The answer NA means that the paper does not include experiments.
* If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.
If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.
Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

While NeurIPS does not require releasing code, the conference does require all submis-

sions to provide some reasonable avenue for reproducibility, which may depend on the

nature of the contribution. For example

(a) If the contribution is primarily a new algorithm, the paper should make it clear how
to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).

(d) We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code

Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?

https://doi.org/10.52202/079017-2813 88679



Answer: [Yes]

Justification: The model checkpoints are provided in https://doi.org/10.5281/
zenodo . 13929490.

Guidelines:

* The answer NA means that paper does not include experiments requiring code.

* Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

* While we encourage the release of code and data, we understand that this might not be
possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

* The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

* The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

* The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.
6. Experimental Setting/Details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [Yes]
Justification: Detailed experimental settings are provided in Section 5.1.
Guidelines:

* The answer NA means that the paper does not include experiments.

* The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

¢ The full details can be provided either with the code, in appendix, or as supplemental
material.
7. Experiment Statistical Significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer: [Yes]
Justification: Experiment statistical significance are provided in Section 5.1.
Guidelines:

* The answer NA means that the paper does not include experiments.

* The authors should answer "Yes" if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

* The assumptions made should be given (e.g., Normally distributed errors).
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« It should be clear whether the error bar is the standard deviation or the standard error
of the mean.

It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis
of Normality of errors is not verified.

* For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

* If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.
8. Experiments Compute Resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: [Yes]
Justification: Experiment compute resource are provided in Section 5.1.
Guidelines:

* The answer NA means that the paper does not include experiments.

* The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

* The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

9. Code Of Ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines?

Answer: [Yes]
Justification: All authors conform with the NeurIPS Code of Ethics.
Guidelines:

¢ The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).
10. Broader Impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [NA]
Justification: The paper focuses on parallel performance scaling.
Guidelines:

» The answer NA means that there is no societal impact of the work performed.

e If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.
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» The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

11. Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [NA]
Justification: The paper focuses on parallel performance scaling.
Guidelines:

» The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

 Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

12. Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [Yes]
Justification: All assets are properly credited and cited in the paper.
Guidelines:

* The answer NA means that the paper does not use existing assets.
* The authors should cite the original paper that produced the code package or dataset.

 The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

 For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

 If assets are released, the license, copyright information, and terms of use in the
package should be provided. For popular datasets, paperswithcode.com/datasets
has curated licenses for some datasets. Their licensing guide can help determine the
license of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.
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Justification: The paper does not release new assets.
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» The answer NA means that the paper does not release new assets.
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* The paper should discuss whether and how consent was obtained from people whose
asset is used.

* At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.

14. Crowdsourcing and Research with Human Subjects
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human subjects.

* Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

15. Institutional Review Board (IRB) Approvals or Equivalent for Research with Human
Subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA]
Justification: The paper does not involve crowdsourcing nor research with human subjects.
Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.
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