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Abstract

Speculative decoding (SPD) aims to accelerate
the auto-regressive token generation process of
a target Large Language Model (LLM). Some
approaches employ a draft model with multi-
ple heads to predict a sequence of future tokens,
where each head handles a token in the sequence.
The target LLLM verifies the predicted sequence
and accepts aligned tokens, enabling efficient
multi-token generation. However, existing meth-
ods assume that all tokens within a sequence are
equally important, employing identical head struc-
tures and relying on a single-generation paradigm,
either serial or parallel. To this end, we theoreti-
cally demonstrate that initial tokens in the draft se-
quence are more important than later ones. Build-
ing on this insight, we propose Gumiho, a hy-
brid model combining serial and parallel heads.
Specifically, given the critical importance of early
tokens, we employ a sophisticated Transformer
architecture for the early draft heads in a serial
configuration to improve accuracy. For later to-
kens, we utilize multiple lightweight MLP heads
operating in parallel to enhance efficiency. By
allocating more advanced model structures and
longer running times to the early heads, Gumiho
achieves improved overall performance. The ex-
perimental results demonstrate that our method
outperforms existing approaches, fully validat-
ing its effectiveness. Our code is available at
https://github.com/AMD-AIG-AIMA/Gumiho.
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1. Introduction

While Large Language Models (LLMs) (Achiam et al.,
2023; Touvron et al., 2023) have demonstrated impres-
sive capabilities, their auto-regressive inference introduces
significant latency challenges, especially as the number
of parameters continues to increase. Speculative decod-
ing (SPD) (Leviathan et al., 2023; Chen et al., 2023) has
emerged as a promising solution to this problem. It lever-
ages smaller models to efficiently propose draft tokens for
future steps, which are then verified in parallel by the LLM.
Specifically, in each draft round, the draft model generates
a sequence of multiple draft tokens, and the target LLM
verifies these tokens in parallel. This generation-verification
process constitutes a draft round. These draft tokens are
accepted only if they match the LLM’s original output. If a
mismatch occurs, starting from the first divergent token, all
subsequent draft tokens are discarded.

Recent advances (Cai et al., 2024; Li et al., 2024a;b; Ankner
et al., 2024) have shown that smaller models, which leverage
the hidden states of the LLM itself, can achieve substan-
tial speedups in inference while maintaining output quality.
Medusa (Cai et al., 2024) predicts multiple future tokens
in parallel using MLPs with the last verified token’s hidden
state, while Hydra (Ankner et al., 2024) and Eagle (Li et al.,
2024a) generate tokens serially.

Although Medusa’s parallel prediction paradigm runs faster
through simultaneous draft token predictions, it relies solely
on hidden states from previously verified tokens, making
it blind to earlier unverified predictions within the current
draft round. Serial methods like Eagle, Eagle-2 and Hydra
can fully utilize previously generated draft tokens, but their
sequential paradigm tends to slow down the drafting pro-
cess, making it less efficient. More critically, all approaches
treat all tokens within a draft round as equally important,
which is unsuitable for SPD. In our view, the tokens gen-
erated earlier in each draft round hold more importance
than those generated later. This is because when the first
incorrect token is encountered, it causes both that token
and all subsequent draft tokens to be discarded, even if the
following tokens are correct. We will formally present a
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theorem and mathematically prove that prioritizing the ini-
tial tokens of a sequence consistently improves the mean
accepted tokens (7) in each draft round.

Motivated by this, we propose Gumiho, a hybrid model that
prioritizes the initial positions in the draft sequence, combin-
ing both sequential and parallel architectures. We employ
a serial structure comprising a two-layer Transformer, en-
abling comprehensive modeling of token dependencies and
context for early tokens. The subsequent tokens, which are
relatively less critical, are predicted in parallel through sim-
ple MLPs, thereby enhancing computational efficiency. By
combining the serial and parallel architectures, our hybrid
design achieves higher acceptance lengths and less process-
ing time in each draft-verification cycle at the same time.
The key idea of our hybrid model lies in two folds: (1) it
allocates more parameters and leverages serial processing
for crucial early token predictions, maximizing accuracy
where it matters most, and (2) it employs efficient paral-
lel computation with simple architecture for later tokens,
reducing the overall computational cost.

In addition, we enhance Eagle-2’s dynamic tree mechanism
by introducing Full Tree Attention (FTA). While Eagle-2’s
dynamic tree selectively expands promising nodes and re-
ranks draft tokens for optimal verification, this re-ranking
process can result in shorter candidate sequences when later
tokens are discarded due to low scores, potentially reducing
the mean accepted tokens (7). We observed that tokens gen-
erated by parallel heads exhibit correlations, as they share
both input and purpose. Specifically, each n-th head is de-
signed to predict the token that should appear n positions
away from the input token. Inspired by this, our full tree
attention mechanism supplements shorter paths with tokens
from longer paths at corresponding positions, thereby in-
creasing the mean accepted tokens (7) of shorter candidate
paths. Since these supplementary tokens come from exist-
ing longer candidates, their ¢, k, and v have already been
computed, incurring no additional computational overhead.

Our contributions are summarized as follows:

* We propose Gumiho, a hybrid structure model for SPD,
inspired by the observation that earlier tokens have
more impact on the overall sequence length accepted,
while later tokens are relatively less critical. We pri-
oritize the generation of earlier tokens by allocating
more computational resources and using a serial ap-
proach to enhance accuracy, while simpler models are
employed in parallel for the later tokens to improve
computational efficiency.

* We demonstrate through theoretical analysis that to-
kens appearing earlier in the draft sequence have a
more significant impact on the overall accepted length.

* We propose a full tree attention mechanism for tree

candidates, allowing tokens from longer candidates to
augment shorter ones. This approach further increases
the acceptance length without incurring additional com-
putational overhead.

* We conduct comprehensive experiments to demon-
strate Gumiho’s superior performance compared to
existing methods.

2. Related Works

With the widespread adoption of large language models
(LLMs), significant research has been devoted to acceler-
ating their inference through techniques such as distilla-
tion (Hinton, 2015; Bercovich et al., 2024; Zhao et al., 2024,
Fu et al., 2024), low-bit quantization (Hubara et al., 2018;
Shen et al., 2020; Kim et al., 2021; Zadeh et al., 2020;
Zafrir et al., 2019), pruning (Gale et al., 2019; Sanh et al.,
2020; Kurtic et al., 2022; Voita et al., 2019), and innovative
network architecture designs (Gu & Dao, 2023; Wu et al.,
2020). These approaches aim to reduce the computational
cost of each forward pass to improve efficiency. However,
they often involve a trade-off (Donisch et al., 2024), as these
optimizations can partially compromise model performance,
requiring a balance between generation quality and compu-
tational overhead. Speculative decoding, a draft-then-verify
paradigm (Xia et al., 2023), achieves lossless acceleration
by leveraging the original LLM for verification.

Drafting approaches can be broadly categorized into two
paradigms (Xia et al., 2024): independent drafting which
employs draft models that can be deployed without addi-
tional training, and self-drafting which requires dedicated
training processes to develop effective draft models.

Independent drafting typically uses a separate, smaller
model to generate multiple future tokens concurrently,
thereby enhancing the efficiency of speculative decod-
ing. For example, using T5-small to accelerate T5-
XXL (Leviathan et al., 2023). These off-the-shelf drafters
do not need extra training or architectural modifications and
benefit from the inherent alignment in prediction behaviors
due to shared tokenizers and pretraining processes. How-
ever, independent drafting requires additional work to find
or train a compatible model that matches the target LLM.
This becomes more challenging when smaller versions of
the LLM don’t exist.

Orthogonal to independent drafting, self-drafting typically
uses the target LLM itself (Liu et al., 2024a; Du et al., 2024;
Elhoushi et al., 2024; Gloeckle et al., 2024; Cai et al., 2024;
Li et al., 2024a; Zimmer et al., 2024; Xiao et al., 2024;
Zhang et al., 2024; Brown et al., 2024; Liu et al., 2024b),
utilizing features like its hidden states for more efficient
drafting. Medusa (Cai et al., 2024) is one of the studies to
leverage the hidden state of the original LLM as input for
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draft models. It employs K distinct MLPs as draft models,
each predicting one of K future tokens. Since these K draft
models operate independently, they can execute in parallel,
enabling Medusa to generate K tokens in a single forward
pass. Hydra (Ankner et al., 2024) is a sequential variant
of Medusa, transforming the parallel MLPs into a serial
architecture. It feeds the unverified tokens from draft mod-
els as input to subsequent ones. This sequential approach
enables each draft model to leverage more contextual infor-
mation when predicting later tokens, enhancing the quality
of successive predictions. Eagle (Li et al., 2024a) advances
the architecture by converting the serial MLPs into serial
Transformers and introducing concatenated token-hidden
state pairs as input. Eagle-2 (Li et al., 2024b) further inno-
vates by implementing a dynamic tree candidate selection
mechanism to enhance token prediction efficiency.

Our method falls within the self-drafting category. Different
from previous self-drafting methods, we utilize the fact that
the importance of a token decreases as its position moves
back and propose different architectures for front-positioned
tokens and later ones.

3. Method

In this section, we begin by introducing the preliminaries
of speculative decoding (SPD). We then present a theorem
and provide a rigorous mathematical proof to validate that
tokens at the beginning of the sequence are more crucial
than those at the end. Finally, we propose Gumiho, a novel
method derived from our theorem.

3.1. Preliminaries

LLM Decoding The process of generating text from
LLMs is termed decoding: the sequential production of
tokens in response to an input prompt. This generation pro-
cess follows an auto-regressive pattern, where each token
y; is generated by sampling from a probability distribu-
tion conditioned on both the initial prompt 2z and all pre-
viously generated tokens y.;. In practice, the key-value
cache (kv.) of previously generated tokens is maintained,
with the model taking both kv, and the current token y; as
inputs for efficient generation.

Let My denote the Large Language Model, which com-
prises two components: the decoder layer fi(-) and
LM _head that maps the embeddings back to the vocab-
ulary with size |V|. The vanilla decoding process can be
formulated as:

kv<irt, hir1 = fu(kv<e, e(ye)),
Yt4+1 ~ SoftmaX(LM,head(htH)), (1)

where h;11 denotes the hidden states of the final decoder
layer, and e(+) is an embedding function that maps tokens to
their corresponding vector representations. In the following,

we define g 41 = Mp(y:) & My(ys, kv<) and ignore
kv for simplicity.

Speculative Decoding Auto-regressive text generation in
LLMs is time-consuming. Speculative decoding addresses
this limitation by employing a smaller, faster draft model
Ms to generate candidate tokens ahead of time. These
candidate tokens, commonly referred to as drafts, are then
verified in parallel by the target LLM M| using rejection
sampling (Leviathan et al., 2023), i.e., if any token in the
draft sequence is rejected, all subsequent tokens are dis-
carded, and the draft-verification process resumes from the
last accepted token.

During each draft-verification iteration, Mg generates a
sequence of D draft tokens {f;1;}2 . Subsequently, M.
verifies these drafts in parallel according to Eq.(1):

Yer1 ~ Mur(yt),
Yer2 ~ Mr(Ge+1), )

Ye4D ~ ML(Gt+D-1).

The number of accepted draft tokens for each iteration is de-
termined by comparing the draft sequence {@¢+1, ..., Jt+D }
with the verified sequence {y;1, ..., Y¢+p } using rejection
sampling.

Metrics We assess the method’s performance by measur-
ing its acceleration effect. Specifically, we use the speedup
ratio as a metric, which is calculated by dividing the speed
of our proposed method by the speed of standard (vanilla)
decoding:

speedGumiho

Speedup ratio =
Speedvanilla

3

The speed of each method is calculated by dividing the total
number of generated tokens by the total processing time:
total tokens
speed = ————
total time
mean accepted tokens x draft rounds

average time X draft rounds
mean accepted tokens

= “

average time

Following existing works (Li et al., 2024b; Ankner et al.,
2024), we primarily use mean accepted tokens (1) as the
main metric. We also present the differences in draft time
across different methods to demonstrate the effectiveness of
our approach in improving efficiency.

3.2. Theoretical Analysis

In this section, we prove that tokens at the beginning of
the draft sequence are more crucial than those at the end.
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Figure 1. Left: Differences between our proposed Gumiho and existing methods: Unlike existing approaches that use similar models to
predict every token in a sequence, we propose that initial tokens are more critical than later ones. So we employ a larger model with a
serial structure to generate the early tokens, while leveraging smaller parallel models for the later ones. Right: Overview of Gumiho.
Given an LLM input Describe a beautiful scene., Gumiho predicts the next 7 draft tokens (sun rose above the mountains through the).
The first two tokens (sun and rose) are deemed critical and are produced sequentially using the Transformer M for higher accuracy. The
remaining tokens are generated simultaneously through the MLP heads, optimizing for computational efficiency.

Consider a draft model that predicts 3 tokens at a time with
a uniform acceptance probability of 0.8 at each position.
The expected length E[L]original of accepted tokens per draft
round is:

E[Losigina = 1 x P(L =1) +2 x P(L = 2) +3 x P(L = 3)

3
> P(L > i)
i=1
=0.8+0.8%°4+0.8% =1.95,

where L represents the accepted length determined by the
target LLM’s verification after each draft round. E[-] de-
notes the expectation operator, and P(L = i) represents the
probability that the accepted length L is equal to 7.

Now, suppose we redistribute the model’s parameters to
prioritize earlier positions, i.e., allocating more parame-
ters to predict the first position and fewer for subsequent
positions. Assume this improved structure creates position-
dependent acceptance probabilities of 0.85, 0.8, and 0.75
for the first, second, and third positions respectively. The
expected length E[L]improved becomes:

3
IE[I/]impmved - ZP(L 2 ’L)

=1

=0.85+0.85 x 0.8+ 0.85 x 0.8 x 0.75 = 2.04.

This example empirically demonstrates that when the overall
token accuracy remains constant, improving the accuracy of
the initial token can increase the mean accepted tokens (7).

In the following, we provide a theorem to generalize the
above example to a broader scenario. Given a draft se-
quence with length D, we first have an original setting with
acceptance probabilities {p; }2 ; and denote E[L]original as
its mean accepted tokens (7). Since errors accumulate when
predicting a sequence, the acceptance probability of later to-
kens tends to be lower than that of earlier tokens in practical
scenarios. Based on this observation, we have:

1>2p1r>2p22--->pp =>0. ()

Then, we define an improved setting whose sequence is
separated by index d with 1 < d < D. In this setting,
acceptance probabilities p; are modified as follows:

- i + G,
pi = p ¢
pi — G,

D

d D
dG=> G G<p
i=1

j=d+1

1<i<d
d<i<D’

0<{p}2, <1,

(©)

In this improved setting, we increase the acceptance prob-
abilities for the first d tokens by a small amount (; and
decrease those for the remaining tokens by the same total
amount. In this way, the sum of the acceptance probabil-
ities remains unchanged. We denote the mean accepted
tokens (7) in this improved setting as E[L]improvea. With
these definitions above, we can derive the following theo-
rem:
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Theorem 3.1. The mean accepted tokens (T) under the im-
proved probability distribution exceeds that of the original
distribution:

E[L}improved Z E[L]originaL

This theorem shows that redistributing the acceptance proba-
bilities across sequence tokens by increasing the accuracies
of the initial tokens and decreasing those of the later tokens
can improve the overall expected performance. A detailed
proof of this theorem is provided in Appendix A.

3.3. Gumiho

Inspired by Theorem 3.1, we propose Gumiho, a model
that prioritizes the front part of the draft sequence. Gumiho
consists of two main components: heads for generating draft
tokens and a full tree attention mechanism for verification.

Gumiho Heads. As shown in Fig. 1, Gumiho introduces
a hybrid architecture that distinguishes itself from existing
methods. Unlike approaches that rely solely on a single
serial or parallel structure and employ uniform head size
across all positions, Gumiho combines large serial heads
with small parallel heads to enhance accuracy and efficiency.

The serial component aims to increase the accuracy of the
initial tokens and comprises a two-layer Transformer M
that predicts initial draft tokens sequentially. Specifically,
M generates the first two tokens of the draft sequence auto-
regressively. Similar to Eagle-2, our method concatenates
the hidden state h; € R? with the corresponding output
token embedding e(y;) € R generated by LLM M, at
time step ¢, and employs a fully connected layer FC to
reduce the dimension from 2d to d:

= FC(cat(e(yt), ht)), (7
where cat denotes the concatenation operation, and o; €
R<. Then, the concatenated result o, is fed into the serial

component M, which sequentially generates the first two
drafts:

iLtJrl = MT(Ot), Ot41 = FC(cat(e(gtJrl
hiya = Mr(6111), 642 = FC(cat(e(frr2

), hig1)), (8)
), hit2)). (9)

For simplicity, we omit the input and output of KV cache
in M, and also the step of using Softmax to obtain 1,
Ut+2, which is similar to Eq. (1).

The parallel component aims to speed up the generation
of the remaining tokens while maintaining accuracy and
consists of five different MLPs {M3;}>_; running concur-
rently. These MLPs share the same architecture, consisting
of two fully connected (FC) layers with a ReLU activation
function in between. They also share the same input, i.e.,
cat (0441, 0142) Which concatenate the two outputs gener-
ated by the serial model M. The outputs of MLPs repre-
sent the draft tokens at the following five positions:

The sun

glows rad es
0.3)
0.4

warmly bnghtly |ntense|y warmly brlghtly |ntenselv
(0.12) (0.09) (0.09) (0.08) (0.06) (0.06)

brightly [ intensely
(0.15) (0.15)

warmly
(0.2)

0.6
now here

above Fow h ere abcﬁ here above
(0.12) J_(0.06) | (0.02) (0.09) J_(0.045) | (0.015) (o 36) (0.018) | (0.006)

l Select top 8 tokens as candidates by score

Tree Attention

Thesun | shines warmly The sun

Full Tree Attention

shines warmly ow

( )
The sun The sun [ shines ][ brlghtly} now !
The sun The sun [ shines ][mtensely]Wrr]"wwj
The sun The sun [ glows J[ warmlyJ ow
The sun The sun [radiates] warmly | ow

Figure 2. Our proposed Full Tree Attention enhances shorter can-
didate paths by borrowing tokens from other tree nodes, thereby
increasing the likelihood that candidates achieve longer acceptance
lengths. Note that for each depth in the tree, we only have s = 3
different tokens.

ilt+2+i = M&(C(Lt(éwh 6t+2)), L= 1, ceey 5. (]0)

Given the hidden states {/,;}7_,, we obtain the draft to-
kens {§;+;}7_, using Eq. (1).

Full Tree Attention (FTA). A key distinction between our
Gumiho and Eagle-2 lies in the use of parallel heads for
generating subsequent tokens. To fully leverage this parallel
paradigm, we introduce the full tree attention mechanism,
which enhances the existing Tree Attention mechanism em-
ployed by Eagle-2.

In Eagle-2, tokens at each position are generated in an auto-
regressive manner, meaning that each subsequent token is
entirely dependent on the tokens generated in the previous.
Conversely, our parallel heads M3, generate tokens for all
positions simultaneously. This parallel generation paradigm
removes dependencies between these tokens, as they are
determined solely by the outputs of the preceding serial out-
puts generated by M. The independence between tokens
enables us to perform a full traversal connection operation
on the tokens generated in parallel. Specifically, any two
tokens generated by two different M}, can be connected
to form a candidate path. As illustrated in Fig. 2, after the
serial heads output the tokens the and sun, the three parallel
heads generate s subsequent tokens for each position (s = 3
in Fig. 2). These s tokens at each position can be arbitrarily
combined with tokens from other positions, resulting in a
total of s> candidate paths with only 3s different tokens by
the time we complete the third MLP head. In Fig. 2, the
score for each token is displayed, calculated by multiplying
the score of the preceding token with the confidence of the
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current MLP in generating specific tokens.

To select candidate paths for verification, we choose the top
eight tokens with the highest scores. As shown in Fig. 2,
traditional tree attention often results in some candidate
paths being very short because tokens on early positions
usually have higher scores. To address this issue, our pro-
posed FTA mechanism supplements shorter paths with to-
kens from corresponding positions in longer paths. This is
reasonable since any two tokens from different positions
among the parallel-generated tokens can be combined, and
the borrowed tokens from longer candidate paths do not
conflict with the original tokens in shorter paths. This en-
sures the coherence of the final candidate paths, maintaining
the integrity of the generated sequence. Consequently, this
approach increases the average length of candidate paths,
enhancing the overall performance of the model.

It is worth noting that FTA incurs no additional compu-
tational overhead, as the borrowed tokens already exist
in other candidate paths within the tree, with their query,
key, and value computations already completed. In the
original attention tree, these tokens were simply discarded,
while our approach unblocks them and allows shorter can-
didates to access and utilize them. The rejection sampling
method (Leviathan et al., 2023) for token selection ensures
that the appending of borrowed tokens does not impact pre-
viously selected tokens. Consequently, after applying FTA,
each candidate’s acceptance length equals or exceeds that
of the original implementation.

4. Experiments

In this section, we compare our proposed Gumiho with
other SOTA methods to show the priority of our approach.
Then, we conduct several ablation studies to validate the
effectiveness of each part of our method.

4.1. Experimental Setup

We conduct experiments using seven target LLMs:
Vicuna-7B/13B (Chiang et al., 2023), Llama2-chat-
7B/13B/70B (Touvron et al., 2023), and Llama3-instruct-
8B/70B (Meta, 2024). Target LLMs are fixed during train-
ing, with only the draft heads being trained. Following Eagle
and Eagle-2 (Li et al., 2024a;b), we train our draft model
on the ShareGPT dataset. Our Gumiho model comprises a
Transformer model and five MLPs to predict the next seven
draft tokens: the Transformer autoregressively generates
the first two tokens, and the remaining five are predicted in
parallel by the MLPs. Training details and hyperparameters
can be found in Appendix C.

We evaluate the performance across multiple benchmarks:
MT-Bench (Zheng et al., 2023) for multi-turn dialogue,
HumanEval (Chen et al., 2021) for code generation,

Temperature = 0

Average Draft Time (ms)
o

Temperature = 1

Draft Time (ms)
2 & 8
|
|
/ og
3
R
ER

A
g8 B

8

Figure 3. Comparison of average draft time (lower is better) with
different temperatures. Both results are based on Vicuna 7B.

GSMBS8K (Cobbe et al., 2021) for mathematical reasoning,
Alpaca (Taori et al., 2023) for general instruction-following,
CNN/Daily Mail (Nallapati et al., 2016) for summarization,
and Natural Questions (Kwiatkowski et al., 2019) for ques-
tion answering. We conduct model training using 8 x AMD
Instinct MI250 GPUs. For evaluation, we use a single
MI250 GPU for all models except the 70B variant, which
requires 4 xMI250 GPUs due to its larger size. Additionally,
we include evaluation results using a single NVIDIA A100
GPU in Appendix B.

We compare our method against several existing approaches:
Medusa (Cai et al., 2024) with multiple parallel MLP heads,
Hydra (Ankner et al., 2024) with sequential MLP heads,
Eagle (Li et al., 2024a) and Eagle-2 (Li et al., 2024b) with
sequential single-layer Transformer head. Eagle-2 shares
the same model parameters as Eagle but distinguishes itself
by incorporating a dynamic tree to generate candidates.

In line with Eagle-2 (Li et al., 2024b), we also conduct
experiments with temperature settings of O and 1. A tem-
perature of 0 means that the target LLM uses a greedy
sampling method, where the token with the highest proba-
bility is selected at each position. In contrast, a temperature
of 1 increases the diversity of the output by applying post-
processing to the logits at the current position, rather than
directly selecting the token with the highest probability.
When the temperature is set to 1, Eagle-2 excludes methods
like Medusa since their relaxed acceptance criteria under
non-greedy sampling do not ensure lossless acceleration.
We follow their experimental settings in this work.

4.2. Performance Comparison

Experimental results are shown in Tab. 1. The Speedup
metric quantifies the actual end-to-end acceleration ratio of
token generation speed compared to vanilla auto-regressive
generation, while 7 is the average number of tokens accepted
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Table 1. Speedup ratios and mean accepted tokens (7) of different methods. V represents Vicuna, L2 represents LLaMA2-Chat, and L3
represents LLaMA3-Instruct. We present the results of different methods across six datasets. Mean represents the average performance

across these six datasets.

Model Method MT-Bench HumanEval GSMSK Alpaca CNN/DM Natural Ques. Mean
Speedup T Speedup T Speedup T Speedup T Speedup T Speedup T Speedup T
Temperature=0
Medusa 1.96x 250  2.15x 2,69 20Ix 259 194x 248 1.60x 202 1.68x 205 1.89x 239
Hydra 247x 359 265x 378 249x  3.67 244x 358 192x 270 2.01x 286 233x 336
V7B Eagle 261x 382 29x 420 267x 400 241x 366 235x 334 210x 313 252x  3.69
Eagle-2 2.88x  5.00 327x 535 293x 494 271x 485 245x 411 224x 384 274x  4.68
Gumiho(ours)  3.15x 529 3.65x 577 3.10x 5.06 2.83x 4.87 2.73x 448 234x 388 297x 4.89
Medusa 2.03x 258 224x 277 208x 264 204x 244 1.67x 210 1.70x 210 1.96x 244
Hydra 2.65x 365 288x 386 2.69x 3.67 265x 349 2.08x 282 216x 286 2.52x 339
V 13B Eagle 287x 390 325x 429 288x 390 2.64x 350 258x 349 221x 292 274x  3.66
Eagle-2 3.16x 493 3.68x 542 3.19x 482 3.01x 489 279x 427 241x 369 3.04x 467
Gumiho(ours) 3.36x 516 4.11x 597 339x 5.04 3.07x 488 291x 441 2.52x 376 323x 4.87
Eagle 222x 300 253x 358 221x 309 204x 288 2.08x 278 1.88x 264 2.16x 3.00
L27B Eagle-2 291x 476 330x 538 287x 476 281x 465 253x 410 252x 416 2.82x  4.64
Gumiho(ours)  3.07x 490 3.55x 5.60 3.00x 4.81 285x 455 2.66x 418 2.59x 416 295x 4.70
Eagle 259x 330 296x 390 261x 345 241x 3.16 239x 3.09 2.15x 282 252x 329
L2 13B Eagle-2 3.17x 476  378x 553 323x 488 3.03x 462 284x 427 276x 412 3.13x 470
Gumiho(ours) 3.34x 498 4.05x 5.87 335x 5.02 3.12x 4.66 293x 440 284x 420 327x 4.85
12 70B Eagle-2 251x 452 298x 524 263x 463 248x 442 204x 372 214x 388 247x 440
Gumiho(ours)  2.83x 471 335x 543 290x 4.69 2.70x 446 237x 4.08 235x 390 2.76x 4.54
13 8B Eagle-2 2.16x 436  251x 506 222x 445 225x 488 1.82x  3.81 1.75x 354 2.12x 435
Gumiho(ours) 2.38x 448 2.77x 518 249x 4.63 244x 488 2.00x 394 1.93x 3.64 234x 446
L3 70B Eagle-2 294x 417 3.65x 509 3.17x 434 312x 474 254x 366 248x 350 298x 425
- Gumiho(ours) 3.38x  4.28 4.28x 525 3.79x 4.58 348x 458 291x 3.80 287x 359 345x 435
Temperature=1

V7B Eagle-2 251x 430 2.67x 452 246x 447 238x 437 215x 370 2.02x 350 237x 4.16
Gumiho(ours)  2.61x 442 2.84x 4.62 2.73x 452 246x 440 238x 394 2.10x 351 2.52x 4.23
V 13B Eagle-2 281x 437 332x 496 280x 443 266x 446 251x 392 225x 350 273x 427
Gumiho(ours)  2.93x 454 355x 530 284x 459 2.77x 454 258x 4.04 236x 372 2.84x 446
12 7B Eagle-2 2.66x 463 295x 515 270x 476 252x 440 234x 398 229x 402 258x 449
Gumiho(ours)  2.79x  4.64 3.19x 527 278x 4.67 2.64x 440 247x 405 244x 408 272x 452
12 13B Eagle-2 30Ix 460 358x 534 3.09x 476 291x 449 271x 415 266x 408 299x 457
Gumiho(ours) 3.18x  4.82 3.86x 571 324x 494 298x 4.62 2.80x 428 2.76x 416 3.14x 475
L2 70B Eagle-2 228x 441  273x 515  242x 459  231x 430 1.87x  3.67 200x 372 227x 430
Gumiho(ours)  2.60x  4.65 3.15x 546 2.66x 4.61 2.50x 443 2.15x 398 222x 395 255x 451
L3 8B Eagle-2 1.93x 404 232x 480 206x 427 2.03x 457 1.67x 355 1.59x 327 193x 4.08
Gumiho(ours)  2.13x 414 2.55x 495 229x 442 2.19x 455 1.86x 3.64 1.72x 332 2.12x 417
L3 70B Eagle-2 285x 407 357x 497 3.13x 431 3.00x 465 247x 358 242x 345 291x 417
Gumiho(ours)  3.29x 420 420x 517 3.69x 449 334x 443 284x 371 285x 357 337x 4.26

by the target LLM per draft round after verification.

Across diverse target LLMs, model sizes, and temperature
settings, Gumiho demonstrates superior performance. Over-
all, Gumiho surpasses the existing SOTA method EAGLE-2
by 4.5%~15.8%. The performance gains are particularly
pronounced with 70B model variants. At temperature 0,
Gumiho outperforms EAGLE-2 by 11.7% on LLaMA?2 70B
and 15.8% on LLaMA3 70B. This substantial improvement
is primarily attributed to enhancements in 7 and a reduction
in draft time. Specifically, the output hidden state for 70B
models has a dimension of 8192, compared to 4096 in the
7B and 13B models. While the larger hidden state increases
computational complexity, it also amplifies the benefits of
our model parallelization, significantly reducing drafting
time and further boosting the speedup ratio.

In Fig. 3, we present the time required by different models
for a draft round. From Eq. (4), it is evident that a shorter
draft time leads to a higher speedup ratio, resulting in im-
proved performance. Fig. 3 demonstrates that the draft time
of Gumiho is consistently shorter than that of Eagle-2 across
all datasets regarding different temperatures, highlighting

the superiority of our approach. This is primarily attributed
to the efficiency of the parallel MLP heads in Gumiho.

4.3. Ablation Studies

In this section, we evaluate the contribution of each compo-
nent in our method to the overall performance. Specifically,
we conduct ablation studies focusing on three key aspects:
(1) The depth of the serial head (Transformer head), where
we vary the number of Transformer layers to assess its im-
pact; (2) The width of parallel heads (MLP heads), where
we experiment with different numbers of MLP heads; and
(3) the effectiveness of full tree attention (FTA). These ab-
lation studies aim to provide a deeper understanding of the
architectural design choices in our proposed method and
their respective contributions to the final performance. We
also present a detailed comparison of draft head accuracy in
Appendix D. Unless otherwise specified, the ablation exper-
iments are conducted using Vicuna 7B as the target LLM,
with MT-Bench as the test dataset and the temperature set
to 0.
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Figure 4. Ablation study on serial head depth. The serial head is a
Transformer model, whose depth represents the number of layers
within the Transformer architecture.

Serial head depth. The serial head depth refers to the
number of layers in the Transformer model. This Trans-
former serves as the initial head responsible for generating
the first two tokens in a draft sequence. In this study, we vary
the number of layers in the Transformer model to examine
how the depth of the initial head affects the model’s overall
performance. The experimental results shown in Fig. 4 re-
veal that reducing the number of Transformer layers results
in a decline in 7, which underscores the significant impact
of the initial heads. However, when the depth increases from
2 to 3 layers, although 7 improves further, the speedup ratio
decreases. This is because the overall speedup depends not
only on 7 but also on the time required to complete a single
draft process. Using a three-layer Transformer substantially
increases the drafting time, which ultimately reduces the
speedup effect.

It is worth noting that using varied depths to generate the
first two tokens, such as a two-layer Transformer for the
first token and a one-layer Transformer for the second, may
seem intuitive but proves inefficient during inference. Since
Transformers with different architectures cannot share their
key-value (KV) caches, each head must compute its cache
independently. This prevents cache reuse between heads,
increasing the computational overhead. Our approach em-
ploys identical serial heads throughout the model, only
trains one single Transformer model, and reuses it for auto-
regressive token generation during inference. This architec-
tural uniformity enables efficient KV cache sharing across
the entire generation process.

Parallel Head Width. Parallel head width refers to the
number of MLP heads in Gumiho, which run in parallel to
generate subsequent tokens in the draft sequence. The exper-
imental results are shown in Fig. 5. Note that increasing the
number of MLP heads initially improves performance but
eventually leads to a decline. This is because increasing the
number of parallel heads enhances the model’s capacity to
predict longer draft sequences, thereby improving its ability
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Figure 5. Ablation study on parallel head width. Parallel heads
refer to the MLPs in Gumiho, and the width indicates the number
of MLP models.

Table 2. Ablation study on the FTA mechanism.

Speedup T
w/o Full Tree Attention 3.10x% 5.18
w/ Full Tree Attention 3.15x% 5.29

to generate more accepted tokens. Additionally, since MLP
heads operate in parallel, increasing their number does not
significantly increase runtime. A higher number of mean
accepted tokens with a similar runtime leads to an improved
performance. However, this improvement does not scale in-
definitely. All MLP heads share the same input embedding,
which is derived from the concatenation of outputs from the
preceding Transformer head. During training, this shared
embedding serves as the input to every MLP head and is
simultaneously shaped by the back-propagated losses from
all of them. As the number of MLP heads increases, the em-
bedding must encode a growing amount of information to
meet the requirements of each additional head. This leads to
excessive information being compressed into the limited em-
bedding space, which reduces the clarity and specificity of
the information available to each MLP head and ultimately
causes performance degradation.

Effectiveness of Full Tree Attention (FTA). We verify
the effectiveness of this component by conducting exper-
iments with or without using FTA in our model. The ex-
perimental results are presented in Tab. 2. They indicate
that removing FTA impacts the mean accepted tokens and
diminishes the speedup effect.

Wall Clock Time of Different Components. To provide
a granular understanding of the model’s performance, we
report the wall clock time of key components in the pipeline,
as shown in Tab. 3.
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Table 3. Ablation study on the wall time.

Components Wall Time (ms)
1st Serial Head 2.80
2nd Serial Head 3.46
Parallel Head 2.02
Full Tree Attention 341
Other Computation 6.11
Verification 45.50

5. Conclusion

The core idea of this paper is to rigorously prove that the
accuracy of early tokens in a draft sequence is more critical
than that of later ones in speculative decoding. In other
words, given a fixed budget for model parameter size and
overall execution time, prioritizing the heads responsible
for generating the initial tokens can improve overall per-
formance. Building on this insight, we propose Gumiho, a
novel approach that employs a hybrid head design. Specifi-
cally, Gumiho allocates a larger proportion of the parameter
and execution time budget to the head responsible for gener-
ating the initial tokens. This head is a Transformer model
with a serial structure designed for these initial tokens, en-
suring higher accuracy. For those heads that generate later
tokens, Gumiho employs lightweight MLPs and parallelizes
their execution to produce multiple tokens simultaneously.
This hybrid design achieves improved performance by bal-
ancing accuracy and efficiency: the serial Transformer en-
hances the accuracy of the initial tokens, while the parallel
MLPs reduce overall generation time. Experimental results
validate the effectiveness of our approach, demonstrating
that Gumiho surpasses existing state-of-the-art methods.

6. Limitation

Our proposed method, while achieving significant speedup,
utilizes a more parameter-heavy draft model compared to
architectures like Eagle and Medusa. Specifically, the incor-
poration of a two-layer Transformer head alongside five par-
allel MLP heads, trained concurrently, results in increased
GPU memory consumption during the training phase.

Impact Statement

This paper presents work whose goal is to advance the field
of Machine Learning. There are many potential societal
consequences of our work, none which we feel must be
specifically highlighted here.
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A. Detailed Proof of Theorem 3.1

Given {p;}2 | and {p;} 2, defined in Eq. (5) and Eq. (6) in the main paper, the mean accepted tokens (7) for the original
and improved settings are expressed as:

D D k
[Llorigina = Y _ Pori(L > k) = > (] ] p)- (1)
k=1 k=1 i=1
and
D D k
E[L]improved Z szp L > k = Z H 1 (12)
k=1 k=1 i=1
We aim to prove that:
IE:[L]improved Z IE[L]original- (13)

We introduce an auxiliary probability sequence P/ that concentrates the scattered changes ¢; at two adjacent positions d and
d + 1. Specifically, we define:

d D
Pl={pi—¢ i=d+1 stC=>G= Y ¢ 14
Pi, otherwise, 1=1 j=d+1
Here, we assume
pa+¢ <1 15)

We will discuss the cases of pg + ¢ > 1 at the end.

With these assumptions hold, the corresponding mean accepted tokens (7) for this concentrated setting is:

D D k
E[Llconcentraie = Y Peon(L > k) = > ([ P (16)
k=1

k=1 i=1

In the following, we will prove that:

E[L]concemrate Z E[L] original» (17)
E[L] improved Z E[L] concentrate * (18)

Before proceeding with the main proof, let us examine the special case where p;41 = 1. In this case, the ordering constraint

1>p >p2>--- > pg > pi+1 implies that all probabilities are equal: p; = py = = pqg = pa+1 = 1. Given that
pi+¢ < 1foralli={1,2,---,d}, wemusthave {(; = (y = -+ = (3= 0. ThisleadstoC Y G= Zi’;d+1<i =0,

meaning that {p; }2 ; and {p; }12, are exactly the same. As a result,, E[L]improved = E[L]original-

For the remainder of the proof, we assume pg4; < 1.

A.1. The proof of ]E[L] concentrate > IE[L]original

Define
D

AE = E[L]concentrate - IE[L}original = Z AEka (19)
k=1

12
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where AFE, = Hle P! — Hle p; represents the contributions to the difference of the expected value for each position k.
Step 1: Analyze of AF.

We separate AF into three parts, where AF; = 2221 AFEg, AEy = AFEz.1 and AE; = Z,?:HQ AE;,

For1l < k < d, P, = p, and AE}, = 0. Therefore:

AFE, = AE,
d d
= P - Hpi
i=1 i=1
d—1 d
= Di (pd+§)_sz
i=1 i=1
d—1
=[] »: (20)
i=1
For k = d + 1, we have:
AEQ - AEd+1
d+1 d+1
=117 -11»
i=1 j=1
d—1 d+1
= HPZ (Pa + ¢)(Par1 — Hl%

=1
d—1

=[] pi- Cpars — ¢pa—¢?)

i=1
= C(pay1 —pa— ) [ pi- 1)
i=1
For k > d + 1, the difference arises from the terms (pg + ¢) and (pg+1 — ¢) in the product. Thus:

D
AE; = Z AE;,

k=d+2
-3 (1711
k=d+2
D d—1
= > [sz (P + ) (Pa+1 — H i) H 1]
k=d+2 =1 i=d+2 =1
D d—1 k
= > [ qIr)wan —pa— O [T pz‘)] . (22)
k=dtr2 \ i=1 i=d+2

By combining Eq. (20) ~ Eq. (22), we have:

AE = AE, + AE, + AE;

d—1 D d—1 k
:C(pd+1*pd+1*C)HPi+ > [(HPi)C(depdC)( 11 pz‘)] : (23)

k=d+2 i=1 i=d+2

13
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Step 2: Scaling.

Define A = H?;ll p;C and recall that in Eq. (5) we have 1 > p; > pa > --- > pp > 0, then the total difference AE
becomes:

D k
AE = A(pap1 —pa+1-0O+ > |Aari —pa—O( [ pi)]
k=d+2 i=d+2

D k
=A 1+ (pat1 —pa —C) + (Pa+1 — pa — C) Z H Pi]

k=d+2i=d+2

Dk
—A|1=(pa—par1 +¢O)—a—par +¢) Y, ]I pi]

k=d+2i=d+2

D
>A|1—(pa—pat1 +¢) — (pa — pay1 + Q) Z pg;f_l]
k—dt2

D
=A|1=(pa—pa1 +Q01+ > p’;;?‘l)]. (24)
k=d+2

Step 3: Simplifying the sum.

Note that the last term 1 + ZkD: di2 p’;;ffl in Eq. (24) is a geometric series. Therefore, we have:

D
L+ Z PZI?‘I =14 par1+ P +Pj + +pdDJ:1d_1
k=d+2
_ " Pan (25)
1- Pd+1
Substitute this back into AFE, and we have:
1- p§)+_1d
AE > A 1= (pa—pasn +O(7— 1) | - 26)
— Pd+1
Step 4: Proving AE > 0
To ensure AE > 0, we need:
1— pDﬂi
(pa — Pa+1 + C)(% <1,
— Pd+1
= (pa— pat1 + Q)1 — pPH) <1 —pas1,
— (pa+¢) — P (pa—pay1 +¢) < 1. 27)

Since 1 > pg > pgr1 > 0 and ¢ > 0, it follows that pgﬂr_ld(pd — pa+1 + ¢) > 0. Besides, since we have p; + ¢ < 1in
Eq. (15), the inequality holds. Thus, AE > 0. Implying:

E [L] concentrate = E [L] original - (28)

A.2. Proving that E[L]improved > E[L}concentrate

We introduce a series of auxiliary sequences with the goal of proving the following inequality chain. Note that the first line
and the last line in the following inequality chain represent the improved setting and the concentrate setting, respectively.

14
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Note that only two elements are different in every two consecutive lines (except for the last two lines). Specifically, we

merge (; into (4 one atatime for 1 <: <d — 1.

E(pr + ¢, p2+C, p3+C3, -+, pa+Ca, Par1— Cir1, Pdv2 — Cdte, , pp —(D)
>
E(pr, p2+C, p3+¢ -+, pa+Ci+C, Pat1 — Cay1r Par2 — Care, , pp —(D)
>
E(p1, p2, p3+¢, -+, pa+Ci+C+C pari—Cay1, Pdr2 — Cdre, , pp — (D)
>
>
d
E(pi, p2, p3, -5 Pa+D;-1GC> Pi+1—Cit1, Pd+2 —Cit2, - > PD —CD)
>
d D
E(ph b2, P3, ©y Pdt Ei:l <i7 Pd+1 — Zi:d+1 <i7 Pd+2, ) pD)
First Part of the Inequality Chain
We begin by proving the first inequality in the chain, which involves transferring ¢; from py to py:
E(p1 +¢C1, p2+Ca, p3+G3, -y pa+Ca Par1 — Cay1, Par2 — Care, -, pp —<(D)
>
E(p1, p2+C, p3+¢3 -+, pa+Ci+C, pat1—Cay1, Pav2 —Car2, -+, Pp—(D)

15
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Let AE& denote the difference between the left-hand side (LHS) and the right-hand side (RHS) of the above inequality:

AE} =E(p1 + (1,p2 + (2,3 + (3, s Pa + Cas Pas1 — Cat1,Pas2 — Cav2, - 0D — (D)
— E(p1,p2 + (2, p3 + C:s, -, pd+ Ca + (1, a1 — Cat1,Pd+2 — Cdt2: - »PD —CD)

d—1 k
=(pl+G —m ZHPHrCi)—mH(PHrQ)
=1 =2

=2

d —1
lHl%‘f’Cz - (szJrCZ) (Pa + C1 + Ca)
i=1 =2

D k
1+ 2<H<pi—<i>]

k=d+1 i=d+1

d D k
>G + H pi+G)— (H(Pv +Ci)> (Pa+Ci+Ca)| |1+ Z ( H (ps Q)]
i=1 i=2 k=d+1 i=d+1
d—1 D k
>G o+ [J @i +6) (1 + ) pa+Ca) —pilpa+ G+ ¢l [T+ > (] i - Ci)]
i=2 k=d+1 i=d+1
d—1 k
=G+ [[ (i + )G (pa+ Ca—p1) |1+ Z II i —¢) (31)
i=2 k=d+1 i=d+1
If pg + Cq4 — p1 > 0, then AE} > 0. This directly implies that the first inequality holds.
If pa + (4 — p1 <0, then
AE} >( - H (pi + Gi)C1 (pr — pa — Ca) |1+ Z (e ]
i=2 k=d+1
d—1 1 — pP-d+
d+1
=C1 — i + G —Pd—Gd)——
G 1;[(17 GG (1 — pa — Ca) 1= pans
1
>C = G (p1—pa —Ca) T~
[ 1
= 1 _— —_ — P
G _ (p1 — pa — Ca) T —pd+1]
[ =pas1) — (pr — pa — Cd)}
G .
L — Pd+1
[(1—p1) + (pa + Ca —
_ (1—p1) 1(pd Ca pd+1)} 32)
L — Pd+1

Given that p; < 1 and pg+1 < pa < 1, the numerator (1 — p1) + (pa + (4 — pd+1) and the denominator 1 — py4 1 are both
positive. Hence, AE} > 0.

In both cases, AE} > 0, thereby proving Inequality 30.

Similarly, consider further transferring (s from ps to py:

E(p1, p2+C, p3+¢, -+, pPa+Ci+C, Pit1 —Cit1s Pive —Cav2, -5 Pp —<(D)

> (33)

E(p1, p2, p3+C, -+, pa+Ci+C+C, pit1 —Cit1s Pave —Cay2, -5 Pp —(D)
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Apparently, this equals to prove:

p1+p1E@e + &, p3+C, o, pa+Ca+Cy Piv1 — Cdv1s Pdye — Cavo, -, pp — (D)

> (34)

p1+p1E(@2, P34+, oo, pa+Ci+ G +Cos Pit1 — Civ1s P2 —Cav2, - Pp — (D)

which can be degenerated to Inequality 30 by removing p; from both auxiliary sequences.

Using the same method, we can iteratively transfer each (; from p; to pg for ¢ = 1,2, --- | d, ensuring that each step
maintains the inequality. Consequently, all inequalities in the chain (29) hold, except the last.

To conclude, after transferring all ; from ¢ = 1 to d, we arrive at the following:

E(py +¢1, p2+Ce, p3+G3 -+, pa+Ca Pat1— Cay1, Pat2 —Car2, - > Pp —(D)

> (35)

d
E(p1, p2, p3, 5 Pat i1 Gi» Par1 — Cir1, Pdrz2 — Cate, -, pp — (D)

This completes the proof for the first part of the inequality chain.

Second Part of the Inequality Chain

We now address the final inequality in the chain (29), specifically:

d
E(p, p2, p3, -5 Pa+D;—1G» Pd+1—Ci+1, Pd+2 —Civ2, -+ Pp —CD)

> (36)

d D
E(plv p2, D3, -, Pd+t Zi:l Civ Pd+1 — Zi:d+1 Cia Pd+2, ) pD)

Let AEj5 denote the difference between the left-hand side and the right-hand side of the above inequality:

d

AE5 =E(p1,p2,p3,- -+ ,pa + ZC@PdH = Ca+1,Pd+2 — Cd+2,°* ,PD — (D)
i=1

d D
—E(p1,p2.ps,-- Pa+ Y GioPar1 — O, CisPata,-+ Pp)
=1 i=d+1
k

d—1 d D D k
:(Hpi)(pd+ZCi) SOOI ei—an—= > (1T 7) (37

i=1 k=d+1 i=d+1 k=d+1 i=d+1

Note that the multiplicative coefficient (Hf;ll p:)(pa + Z?:l ¢i) is always positive, as probabilities are non-negative.
Therefore, the sign of AE5 depends solely on the later bracketed difference. We denote this difference as AFYL:

17
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D k D k
ARy =S (Il wi—cn—- > (I P)
k=d+1 i=d+1 k=d+1 i=d+1

D k D k
S ([ - - [<pd+1—<>+ S (1] pi><pd+1—<>]

k=d+1 i=d+1 k=d+2 i=d+2

D k D k
= | (Pa+1 — Ca+1) + Z ( H (pi_Ci))] - [(pd+1—C)+ Z ( H Pi)(Pd+1—C)]

k=d+2 i=d+1 k=d+2 i=d+2

D k K
= (¢ —Ca1) + Z H (pi — Gi) — ( H Pi)(PdHC)]
k=d+2 Ui=d+1 i=d+2
k k k
=C=Cr)+ > ¢TI pd+ I =)= II »
k=dt+2 \  i=d+2 i=d+1 i=d+1
D K k k
= =G+ D |CCIT po+ DO (S TT po) + RolCarsCavas-- 5 G) | (38)
k=d+2 i=d+2 i=d+1 j:i—‘rl
j#i

where in the last two terms of Eq. (38), we split the result of Hf: ar1(Pi — Gi) — Hf: 441 Di into two terms. The

first term represents the summation of all elements with only one (;, and Ra((4+1, a2, - , (k) denotes the sum of
all possible products involving two or more distinct ¢; terms from {(4+1,Cat2, - ,Cx}- Now we want to prove that
Ro(Ca+1,Cat2s 5 Ck) = 0. Since Ro(Cat1, Car2, -+ - 5 Ck) only exists when k > d + 2, we define it as follow:
k k k k
Ro(Cayr,Casr )= [ wi—=C) = | I mi—= > G [[ »i|. k=d+2 (39)
i=d+1 i=d+1 i=d+1  j=d+1
J#i
Then, we can calculate the partial derivative of the function Ro (441, Cat2, -, Cx) With respect to
d(Ra(Garr, Cara 1 Gi)) - :
e =— I wi—=¢)+ I »s- (40)
m i=d+1 j=d+1
i#Em j#m

Given 0 < p; — ¢; < p; < 1, we observe that d(Rz(Cdg(’éﬁz"“’c’“)) > 0 is always true, which implies that

R(Ca+1,Cd+2, - - -, Cx) is monotonically non-decreasing with respect to ¢, for all m € {d + 1,d + 2,...,k}. Note
that Ro(Ca+1,Cata,---,Cx) is differentiable on (0,1) and continuous on [0, 1] with respect to all (,,. Therefore,
Ro(Cat1,Cd+2, - - -, ) attains its minimum value when ¢,,, = 0 forallm € {d+ 1,...,k}. Since R2(0,0,...,0) =0,
we conclude that Ro(Cgy1,Cat2,---,Ck) > 0.

Then

D k k k
AE, > (C—Car)+ D> |CCTT v = D2 GCIT »a)
k=d+2 | i=d+2 imdt1  j=d+1
J#i
D D k k k
= (¢ —Ca+1) + Z (Z Gi)( H pi) — Z Gi( H pi)| - (41)
k=d+2 | i=d+1  i=d+2 =L =il
B
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When D — d = 2:

d+2 k k k
AEP = (¢—car)+ Y. | CIT p)c— > GO I »o)
ke=dr2 | i=dt2 imdtl  j=dt1
i
= (dy2 + Pd+2¢ — Cd+1Pd+2 — Cd+2Pd+1
= Ca+2(1 = pa+1) + (¢ = Cat1)Pa+2
> (¢ = Ca+1)pd+a- 42)

Since 0 < p; <1land 0 < (; < 1,itis clear that AEgm > 0.
Similarly, When D — d = 3:

d+3 d+3 d+3
3 2
AEP = AEP 4| ( H pi)C — Z Gi( H ;)
i=d+2 a1 il
j#i

> (¢ = Car1)pd+2 + (Par2pa+3C — Cay1Pa+2Pd+3 — Cd+2Pd+1Pd+3 — Cd+3Pd+1Pd+2)

= (Car2 + Car3)pare + (Parepa+3C — Car1Pa+2Pd+3 — Cit2Pd+1Pd+3 — Cd+3Pd+1Pd+2)

= Ca+2(Pa+2 — Pa+1Pa+3) + Cit+3(Pat+2 — Pa+1Pd+2) + (€ — Ca+1)Pd+2Pd+3

> Car2(Pare — Pav1pa+e) + Car3(Patr2 — pariPatz) + (¢ — Cat1)Pat2Pd+3

> (¢ = Cay1)Pd+2pa+s

0. 43)

IV

Using induction, assume that for any D —d = k € [2, 00), AEgk] = (¢ — Cat1) H?:LQ pi > 0.
Then for D —d =k + 1:

d+k d+k+1 d+k+1 d+k+1
k1
AEM > (¢~ Cann) H pi + ( H pi€ — Z Gi( H pj))
i=d+2 i=d+2 i=d+1 j=d+1
J#i
dtk dtht1 k41 k41 dtkt1
= (¢ =Car) I pi+ | ¢CI] P)=CamaC I pi) = CaraC [ pi) = = CarwnC I[ »2)
i=d+2 i=d+2 j=d+2 j=d+1 j=d+1
jAdt2 J#dh+1
d+k
= (Carz + Cars + -+ Carnrr) [[ it
i=d+2
d+k+1 d+k+1 d+k+1 d+k+1
CCIT p0) = CaraC I 2i) = CavaC I 2i) =+ = CarwsaC [ 22)
i=d+2 j=d+2 j=d+1 j=d+1
j#d+2 jd+k+1
dtk k41 dtk dtht1 dt dkt1
=Caro | [T pi—= I pi|+Cas| II pi—= 11 wi |+ +Carnrr | T[] »i— T »s
i=d+2 j=d+1 i=d+2 j=d+1 i=d+2 j=d+1
JAd+2 JAd+3 jEdtk+1
dth+1
+(¢ =) ] oo (44)
i=d+2
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For the first term in Eq. (44), we observe:

d+k d+k+1 d+k d+k
H pi — H b | = H bi — H Pj - Pd+k+1
i=d+2 j=d+1 i=d 2 j=d+1
j#d+2 jd+2
dtk dtk
> H Di — H Dj * Pd+2
i=d+2 j=d+1
jiAd+2
d+k dtk
~(Tn-T0»
i=d+2 j=d+1
d+k
= (1 = pat1) H pi | =20.
i=d+2

By the same reasoning, we can show that all coefficients in Eq. (44) are non-negative, and we have:

d+k+1
k
AEM > (¢ Can) H i
i=d+2
> 0.
Therefore, we can conclude that AEY, > 0, and thus:
AFEs > 0.

Conclusion:
Since:

AE4 Z O7 AE5 2 0’

we conclude that the inequality chain (29) holds, which means:

E [L ] improved 2 E [L ] concentrate +

A.3. Proving that E[L]improved 2 E[L}original

Given that:

E[L]improved 2 E[L]concentrate7 IE[L}concentrate Z E[L]originah

we establish that:

]E[L]improved Z E[L]originalo

Ad.Casesof p;+ (¢ > 1

(45)

(40)

(47)

(48)

(49)

(50)

(S

At the beginning of the proof, we assume pg + ¢ < 1. In cases where pg + ¢ > 1, the parameter { can be distributed across

multiple positions to satisfy the constraints. Specifically, we divide { into n parts:
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C=Cai+Ci1+Ciot 4 Cins

where

pa+Ca=1,
pa—1+ a1 =1,
Pd—n+2 + éd7n+2 - ]-7

Pd—n+1 + Cd—n+1 <1l

These adjustments are applied to n positions as follows:

d D d
Pl=Spi—¢ i=d+1 sEC=Y G= > G= Y G
=1

Di, otherwise, i=d+1 i=d—n+1

Next, we construct the following inequality chain:

E(ph p2, Pp3, -+, Pdy Pd+1, Pd+2, ', pD)
<
E(pr, p2. ps, s pa+Ca pas1—Cdy Ptz 0, DD)

<

E(p1, p2, 5 Pi—1+Ca-1, pa+Cas pas1—Ca—Ca-1, Patz, -, PD)
<
<

E(p1, , Pa-nt1+Camnt1, o+, pa1+Ca-1, PatCa Pati — Sg ni1Gis Das2,-

o 7pD)

Each step in the inequality chain (59) can be proven using the same method as proving E[L]concentrate = E[L]original-

Next, we construct another inequality:

E(p1,- -+, Pd-n+1+ Camntts oy pac1+Ca1y pa+Cas Patr1 — E:’i:dfnﬁ»l iy Pas2,-

<

te 7pD)

E(p1, -+, Pi—nt1 +Cimnt1, -y Pac1+Cic1, pa+Cay Patr —Car1, Patz — Cates P — (D)

The inequality (60) can be proven using the same method as proving inequality (36).
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Finally, we construct a third inequality:

E(p1, -, Pi—nt1 +Cimnt1, -y Pa—1+Cic1, Pa+Cay Patr —Car1, Patz — Cates P — D)
< (61)

E(p1 +¢1, p2+¢2, -+, pa+Ca, Pa+1 —Cat+1, Pa+2 —Cat2, - ,Pp — (D)

To prove inequality (61), we can follow the same method as proving the first to the second-to-last line in inequality (29). In
that proof, we observed that each step involved moving a non-negative value (; from an earlier position to a later position,
and the validity of the inequality was independent of the specific value of (; or the positions involved. In the case of
inequality (61), we have (1,--- ,(q > 0and (g—p+41, - ,Cq < fd,nJrh . ,éd. This means that we are essentially moving
positive values from earlier positions to later positions, similar to the process in inequality (29). Therefore, we can use the
same method to establish inequality (61).

With inequalities (61), (60) and the inequality chain (59) established, we conclude that E[L]improved = E[L]originai. Therefore,
we finish the proof of Theorem 3.1 in the main paper.
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B. Experiment Results on A100

This section gives the inference results on a single NVIDIA A100 GPU. It is reasonable that there are different final speedups
on MI250 and A100. However, note that the mean average tokens (7) are also slightly different. This is because of the use
of FP16 precision during inference, and different FP16 processing mechanisms in MI250 and A100 GPUs. Using FP32
precision yields identical 7 values across both platforms, yet significantly increases the inference latency.

Table 4. Speedup ratios and mean accepted tokens (7) of different methods on NVIDIA A100. V represents Vicuna, L2 represents
LLaMA2-Chat, and L3 represents LLaMA3-Instruct. We present the results of different methods across six datasets. Mean represents the
average performance across these six datasets.

MT-Bench HumanEval GSMS8K Alpaca CNN/DM Natural Ques. Mean

Model Method Speedup T Speedup T Speedup T Speedup T Speedup T Speedup T Speedup T
Temperature=0

V7B Eagle-2 330x 503 359x 536 321x 494 3.00x 486 257x 410 248x 3.82 3.02x 4.69
Gumiho(ours)  3.62x 522 4.22x 581 348x 5.07 3.13x 482 291x 446 2.60x 3.80 3.33x 4.86
V 13B Eagle-2 3.05x 492  3.60x 542 324x 479 299x 490 247x 421 248x 371 298x  4.66
Gumiho(ours)  3.33x 523 4.12x 6.01 335x 5.08 3.07x 497 2.68x 440 252x 381 3.19x 492
12 7B Eagle-2 328x 476  371x 538 328x 477 317x 466 261x 409 278x 416 3.14x 464
Gumiho(ours)  3.44x 492 3.92x 557 342x 4.83 3.19x 454 2.82x 420 291x 419 328x 471
L2 13B Eagle-2 3.02x 477 3.60x 553 340x 489 3.10x 4.60 254x 426 277x 412 3.07x  4.69
Gumiho(ours)  3.24x 497 3.78x 585 3.61x 5.03 3.19x 4.63 2.72x 438 2.85x 420 323x 4.84
L3 SB Eagle-2 271x 435 320x 506 279x 447 278x 487 224x 381 226x 353 267x 435

Gumiho(ours)  2.95x 448 3.62x 522 320x 4.62 2.86x 4.88 239x 390 241x 3.62 291x 445
Temperature=1

V7B Eagle-2 273x 432 299x 465 259x 441 255x 425 228x 387 221x 352 256x 417

Gumiho(ours)  3.00x 435 330x 4.82 298x 454 2.61x 422 248x 394 229x 3.63 2.78x 4.25

V 13B Eagle-2 273x 435 3.14x 485 281x 454 275x 457 234x 401 226x 353 2.68x 431
Gumiho(ours)  2.92x 456 3.46x 531 295x 4.63 2.89x 4.67 242x 4.05 243x 370 285x 449

1278 Eagle-2 294x 453  332x 510 3.01x 469 280x 4.61 250x 392 2.60x 4.04 286x 448
Gumiho(ours)  3.02x  4.65 341x 531 3.12x 474 297x 443 2.65x 4.07 283x 412 3.00x 4.55

L2 13B Eagle-2 280x 461 341x 537 3.19x 475 293x 450 241x 415 2.62x 406 290x 457
Gumiho(ours)  2.96x 4.85 3.71x 572 333x 4.88 299x 450 254x 431 2.71x 412 3.04x 473

L3 8B Eagle-2 234x 392  282x 481 26lx 436 253x 450 2.04x 355 2.02x 336 239x  4.08

Gumiho(ours)  2.52x 411 3.13x 497 281x 462 2.67x 454 219x 3.66 2.12x 347 257x 423
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C. Training Details and Hyper-parameters

Similar to Eagle-2 (Li et al., 2024b), we employ both the regression loss L,.., and the classification loss L, to train the
draft model. The total loss L is defined as a weighted combination of these two components:

L= Wreg Ereg + Weis - ['cls’

where w,., and w.;; denote the weighting coefficients for the regression loss L., and the classification loss L,
respectively.

Similar to EAGLE-2’s tree attention, we select the top 10 output tokens from each Transformer head as input for the
subsequent head, i.e., topk=10. For FTA, we extract the top 35 output tokens from each MLP head , i.e., s=35. Hyper-
parameters can be found in Tab. 5.

Table 5. Hyper-parameter configurations of Gumiho.

Vicuna 7B/13B
Hyper-parameters LLaMA?2 7B/13B HLaMAz 708
LLaMA3 70B
LLaMA3 8B
Learning rate 2e-4 le-4
Transformer layer number 2
MLP head number 5
Batch size 4
Wels 0.1
Wreg 1
Training epoch 10
Optimizer AdamW
(81, B2) (0.9, 0.95)
Per MLP structure [2*hidden_state, 1*hidden_state]*1 — [1*hidden_state, 1*hidden_state]*5
topk 10
S 35
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D. Ablation Study on Head Accuracy
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Figure 6. Comparison of draft head accuracy on two datasets (MT-Bench and GSM8K). Both results are based on Vicuna 7B with the
temperature set to 0.

We conducted a comparative analysis of head-wise accuracy between our method and EAGLE-2 based on Vicuna 7B with
temperature set to 0 on MT-Bench and GSM8K datasets. It should be noted that we have a total of seven draft heads, while
EAGLE-2 only has six heads. Therefore, to facilitate comparison, we have only conducted an accuracy comparison between
the first six heads of ours and the six heads of EAGLE-2. As illustrated in Fig. 6, our approach enhances the accuracy of
front heads, which are responsible for generating the initial tokens in the draft sequence. The precision of these early tokens
substantially impacts the final mean accepted tokens(7). Our back heads employ a parallel MLP architecture, resulting
in lower accuracy compared to EAGLE-2. This accuracy distribution aligns with our theoretical findings. Our theorem
demonstrates that optimizing the accuracy distribution across heads, specifically through enhancing precision in front heads
while proportionally reducing accuracy in back heads, leads to better overall mean accepted tokens(7).
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