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Abstract

Weight binarization has emerged as a promising
strategy to drastically reduce the complexity of
large language models (LLMs). It is mainly clas-
sified into two approaches: post-training bina-
rization and finetuning with training-aware bina-
rization methods. The first approach, while hav-
ing low complexity, leads to significant loss of
information from the original LLMs, resulting
in poor performance. The second approach, on
the other hand, relies heavily on full-precision
latent weights for gradient approximation of bi-
nary weights, which not only remains suboptimal
but also introduces substantial complexity. In this
paper, we introduce a novel framework that effec-
tively transforms LLMs into multi-kernel Boolean
parameters, for the first time, finetunes them di-
rectly in the Boolean domain, eliminating the
need for expensive latent weights. This signif-
icantly reduces complexity during both finetuning
and inference. Through extensive and insight-
ful experiments across a wide range of LLMs, we
demonstrate that our method outperforms state-of-
the-art ultra low-bit quantization and binarization
methods.

1. Introduction

Large language models [53, 7, 52, 34] have demonstrated
unprecedented capabilities, largely due to the continuous
growth in both model and dataset sizes. A key area of
focus in optimizing these models is lower-precision compu-
tation, which offers substantial benefits in terms of memory
and computational efficiency. One prominent approach to
achieving this is through the quantization of weight parame-
ters, which reduces the model size by lowering the precision
of the weight values. Recent studies on scaling laws [15, 30]
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have highlighted the potential of using low-precision tech-
niques for large language models (LLMs).

Binarization represents
one of the most extreme
forms of quantization for
LLMs.  While signifi-
cant progress has been
made, challenges remain
[61, 23, 32]. Even
with advanced techniques
like Quantization-Aware
Training (QAT), which
fine-tunes the model ex-
tensively after binariza-
tion [58, 25], or trains it
from scratch [56], perfor-
mance still lags behind
that of full-precision (FP) models. This performance gap
can be attributed to the limited representation capacity of
binary weights and the heavy reliance on FP latent weights
for binarization. This reliance not only makes the approach
computationally expensive but also suboptimal, as it re-
quires gradient approximation. Meanwhile, recent advances
in 4-bit quantization have achieved remarkable compres-
sion with minimal accuracy loss, but further compression
or applying these methods to smaller models has yielded
unsatisfactory results [18, 33].
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Figure 1: Finetuning OPT mod-
els [63] using our 3 Boolean ker-
nels (=), compared to QPTQ
[18] (=+), which quantizes the
models to 3 bits, and the FP-16
baseline (-#=) on the C4 dataset.

In this paper, we aim to push the boundary of low-precision
LLMs by proposing a novel method named as Multi-
ple Boolean Kernels (MBOK). We extend the work in
[43], which proposes training neural networks with native
Boolean weights directly in the Boolean domain, However,
effectively applying this approach to LLMs remains a key
challenge. In particular, our contributions are as follows:

* We propose the framework MBOK, which employs multi-
ple Boolean kernels, each using distinct Boolean weights
(§ 4.2). This allows for flexibly representing LLMs with
low bits, while approaching to FP performance with min-
imal both finetuning and inference cost. The Boolean
weights are directly trained in Boolean domain, avoiding
the need for FP latent weights and gradient approximations.

* We propose a novel successive method that effectively
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Table 1: A summary of SOTA binarization methods for LLMs compared to our method.

Method Train Post-training Finetune from Calibration Weight Multiple Higher-bit

from Scratch Binarization ~ FP Model Data Update Binary Bases Salient Weights
BitNet [56] v X X NA FP latent-weights X X
BiLLM [23] X v X v NA v X
PB-LLM [61] X v X v NA X v
STBLLM [16] X v X v NA v v
ARB-LLM [32] X v X v NA v v
QBB [8] X v v v FP latent-weights v X
OneBit [58] X X v v FP latent-weights X X
MosS [25] X X v v FP latent-weights X X
MBOK [Ours] X X 4 v Native Boolean weights v X

transfers knowledge from an FP LLM into the Boolean
model (§ 4.3), followed by further fine-tuning using knowl-
edge distillation (§ 4.3.2).

* We introduce a method for automatically allocating the
number of kernels for each weight (§ 5).

* We provide a comprehensive empirical analysis and bench-
marks, demonstrating our method’s superior performance
over recent binarization and quantization approaches (see
§ 6). For example, Fig. 1 shows that our method achieves
the best accuracy-compression trade-off, outperforming
FP and existing quantization techniques.

2. Related Works

LLMs quantization. Quantization techniques are com-
monly used to reduce the memory and latency of LLMs.
They fall into two categories: QAT, which involves retrain-
ing or finetuning in a quantized form, and Post-Training
Quantization (PTQ), which can be applied directly without
retraining. Due to the difficulty of retraining such large
models, most work focuses on PTQ [18, 51, 33, 31], though
recent efforts also explore QAT via data-free methods (LLM-
QAT [38]), or parameter-efficient fine-tuning like LoRA [13].
A promient PTQ method is QPTQ [18], which introduces
one-shot low-bit weight quantization using approximate
second-order information. Follow-up work refines this
by addressing outliers [27, 14], accounting for activation
effects [33, 31], and optimizing quantization parameters
(omniQuant [50]). However, effective quantization is still
challenging [59].

Binarization. This represents the most extreme form of
quantization, typically using the sign(-) function with gra-
dients estimated via the straight-through-estimator (STE)
[5]. Early work focused on small Transformer models [55]
trained or fine-tuned on labeled data [2, 46, 37, 36]. Re-
cent efforts have extended binarization to LLMs. Methods
like BiLLM [23], PB-LLM [61], STBLLM [16], and ARB-LLM
[32] adopt hybrid PTQ approaches, binarizing non-salient
weights while using higher precision for important ones,
with calibration data used to adjust scaling factors. QBB [8]
further improves this with multiple binary bases and knowl-
edge distillation. In contrast, BitNet [56] replaces linear

layers with a custom 1-bit weight structure, BitLinear, and
trains the model from scratch. OneBit [58], which decom-
poses weights into 1-bit components and scaling vectors
for QAT, further enhanced by MosS [25] using a mixture of
scalings. Despite progress, these methods remain costly due
to their dependence on FP latent weights during training.
Table | summarizes the key characteristics of these methods
in comparison to ours.

3. Preliminaries

Notations. We use a standard notation for vectors (a),
matrices (A), and scalars (a). The i-th element of a vector
ais ay), and the element at the ¢-th row and j-th column of
amatrix A is Aj; ;. The symbol ® denotes element-wise
multiplication, with broadcasting if needed.

3.1. Neural Network Binarization and the Problems of
Full-Precision Latent Weights

Binarization is an effective technique for reducing both the
size and computation of deep learning models by converting
high-precision weight parameters into 1-bit values [24, 11,
48]. For a linear layer, Y = XW;P + b, where Xgp €
R®*"™ is the input data, and W € R™*" with the input
size n and output size m, and b € R™ are the FP weights
and bias. Binarization results in Y = « - XWI—;H + b,
with Wy, = sign(Wpp) and « as a scaling factor (e.g.,
a = Weelly 148,

mxn

It is important to note that, during training, the FP weights
must be retained for learning the binarized weights. In
vanilla gradient descent, binarized weights are updated as
Wi = sign(Wgp — 7 - Gwyp ), where 7 is the learning
rate and Gwy,,,, is the gradient of the FP weights. This leads
to high memory usage, especially with optimizers like Adam
[28], which require storing two additional FP momenta for
each parameter. Moreover, the gradient approximation for
binarized weights often uses a differentiable proxy, like
the STE [5], but this introduces performance drops due to
proxy gradient noise. This noise can cause oscillations and
instability during training.

3.2. Native Boolean Framework for Neural Networks

To address the issues associated with latent-weight-based
approaches, [43, 44] recently proposed a principled frame-
work for directly training Boolean neural networks in the
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Boolean domain. Consider the [-th Boolean linear layer; in
the forward pass, the output of the next layer is defined as:

+ZL e Wit

where k denotes the sample index in the batch, and L is a
logic gate such as and, or, xor, or xnor; Hereafter, for
clarity, we consider L. = xnor as a concrete example.
The weights szl)y] are Boolean values {TRUE, FALSE} or
{—1, 41}, as typically used in practical implementations.

[k]]_ 1§]§m7 ()

As discussed in [43], the logic gate L can be extended to
handle mixed-type data. In this paper, we focus on the
case where the input data is real-valued, and the weights are
Boolean. Specifically, for an input element € R, we define
Tpool = TRUE < x > 0, and X0 = FALSE < z < 0, and
|| its magnitude. The logic operation between a real input
z € R and a Boolean weight w € B is defined according to
[43] as follows:

8.t. Shool = XNOT (Whool, ),  (2)

|- 3

xnor(w, ) = s,
and |s| =

Backward pass. This layer receives the backpropagation
Z(l) A

signal from the downstream layer. Specifically, k] =

WT denotes the variation of the loss function £ w.r.t.
(k]

the output at layer {. To optimize the Boolean weights, we
need to compute the corresponding loss signal, denoted

@ a 5L
as p—
Q[l il 5Wff_)j] ,
dimension & as:

b

which is aggregated over the batch

0 _ o _ 0
Qi =D HQy, ;) = TRUE)IQY; @
k=1
b
Zl (l) = FALSE)\QEQ il l, 5)
k=1

where Q( K= xnor(ZE,? ] XE,?Z]) and 1(-) is the indi-
cator functlon The backpropagatlon signal for the upstream
layer, Pfllc)j] £ 6(% , can be computed in a similar man-

ner. ’ Ptk

Boolean optimizer. Given the loss signal, the rule for up-
O]

dating the Boolean weight W[
tion L is as WEZ)J] WE ),} if xnor(Q(l) w) ) =

(6,512 "7 [4.4]
TRUE. Based on this update rule, We can de\;elop anJ opti-

il to minimize the loss func-

mizer that accumulates the signal Q[ over training iter-

ations. Specifically, let WE )¢

tion ¢, and Mfi )j]

M(l)]? = 0. The update rule for the accumulator is then

defined as:

A denotes the weight at itera-

represents its accumulator, initialized as

M(l) t+1

e M Qi (©)

[4,4]

where 7) is the accumulation factor acting as a learning rate,
and ¢ is an auto-regularizing factor that reflects the sys-
tem’s state at time ¢. In our work, we use brain plasticity
[19] and Hebbian theory [21] to adaptively set 8¢, as dis-
cussed in [43].

Remarks on complexity and applicability to LLMs.
This Boolean framework optimizes Boolean parameters
WE )J] directly in the Boolean space, eliminating the need
for FP latent weights. As shown in Eq. 6, the Boolean op-
timizer is more lightweight than common LLM optimizers
like Adam, requiring only one FP momentum per param-
eter. This reduces both training and inference complexity
and avoids gradient approximation induced from STE. As
shown in Proposition A.10 in Appendix, xnor(w, s) = ws,
mathematically enabling direct application to existing linear
algebra operations. Practically, native logic operations are
much faster than multiplication.

4. Multiple Boolean Kernels

4.1. Boolean Reformulation for Linear Layers

Ay Wl)ool Sout S;];

X
©
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e
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Figure 2: Illustration of SVID.

LLMs [7, 53, 52, 3, 34] are based on the Transformer archi-
tecture [55], in which linear layers are the core elements.
Inpsired by [58], we employ sign-value-independent de-
composition (SVID) such that an FP input matrix W &
R™>"™ of linear layers is decomposed into one Boolean
matrix Wi, 2 sign(W) and two FP vectors s, and
Sout- Precisely, let [W| be the element-wise absolute
value of W, write [W| = USV ' its singular value de-
composition (SVD) [4]. Using rank-1 approximation of
W], siy and s,y are given as: sy, = /01 V[, 1], and
Sout = /01U 1]. Then, the input matrix is approximated
as W = Wy00 © [W| & Whool © (Souts;, ). This proce-
dure is illustrated in Fig. 2.

Proposition 4.1 (Xu et al. [58]). For W € R™*" write
W = USV ' its SVD. Leta = \/EINJM], and b =
\/E\?[;,l]. With the notations as described above, we have:

2
W = Wiool © Soussih || < HW - abTH )
F
Remark 4.2. Proposition 4.1 re-states Proposition 2 of [58]
with its precise assumption of vectors a and b which is
necessary for its proof provided in Appendix therein.
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Proposition 4.1 shows that using Wy, together with value
matrix approximation is better than a direct rank-1 approxi-
mation of W in terms of Frobenius-norm. This emphasizes
the important role of W, in approximating the original
FP matrix. Moreover, our following Proposition 4.3 shows
that the SVID approximation as described above is optimal
for approximating the original matrix Wi,,)-

Proposition 4.3. For W € R™*" and the notations as
described above, we have:

2
HW - Wbool O] Soutsi—LHi S HW - Wbool ® CdTHF 9
Ve e R™*1 vd e R™*L. (8)

The proof is given in Appendix C.3. The linear layer can be
then reformulated as [58]:

XW]—;P ~ [(X © Sl—;) Wbool] © s;rut' ©

4.2. Enhanced Expressivity with Multiple Kernels
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Figure 3: The computation of a linear layer approximated using
multi kernels of Boolean.

X input

We have shown that SVID provides a good approximation
of the original weights, its expressivity can be still limited
to capture well the original FP parameters of complicated
models, which were trained on large-scale datasets over
extended periods of time. To overcome this limitation, we
propose the use of a multi-Boolean kernel structure for
the weights. Specifically, we employ K kernels, where
each kernel utilizes distinct Boolean weights and scaling
factors, to better represent the original weight parameters.
This leads to the approximation: Wrp ~ Wpprox £

. T
Zszl W][ﬁol ® (s([)]fl]tsi[ﬁ] ). The computation of a linear

layer can then be approximated as follows (see Fig. 3 for an
illustration):

K
T T
xwip =Y [(xosll )Wl esl . a0
k=1

Here, the computational costs associated with the FP scaling
factors, si, and s,y¢, are small because they only involve
element-wise multiplications. The dominant computational
cost arises from the matrix multiplication between the scaled
input data, X ® s;,, and the weights. However, thanks to
the use of Boolean weights, the complexity is significantly
reduced, as these multiplications can be replaced by addi-
tions. Moreover, as we will demonstrate in § 6.1.1, only a
small number of kernels are required to achieve a reason-
able result. Additionally, we find that, after the successive
extraction process from the FP model (§ 4.3.1), we only
need to train the Boolean weights for the last kernel and
the scaling factors, further significantly reducing the overall
complexity.

4.3. Effective Knowledge Transfer into Boolean Models

We have introduced our proposed multi-Boolean kernel
structure for effectively representing the linear layers of
LLMs. In this section, we outline the process for trans-
ferring knowledge from a source FP model to a Boolean
model. This process consists of two main steps: (1) an
effective data-free initialization step, which maximizes the
retention of information from the source FP model, and (2)
a data-dependent finetuning step, where the Boolean model
is further trained on a target dataset with guidance from the
FP model.

4.3.1. SUCCESSIVE EXTRACTION USING SVID

For each linear layer, to initialize the values of the Boolean
weights and scaling factors for all kernels, we successively
apply SVID to the given FP weights. The goal here is to
further proceed to SVID process to approximate the residual
error introduced by the previous step. Specifically, after
each step of decomposing the weight matrix using SVID, we
obtain a residual matrix, which is defined as:

., T
wil=wl —wl o (sL’ﬂtsEﬁ] ) .oan

Here, W!*| is the residual matrix, and Wl[)kjol, sgﬂt and

[k] res

s;,, are the extracted parameters for the k-th kernel, while

Wi[ﬁ]put represents the input FP matrix for step k. For the
first step, this is the original weight matrix, and for sub-
sequent steps, it is the residual matrix obtained from the

previous step.
Fig. 4 illustrate this process. Although using multiple ker-

nels effectively captures the original weight matrix, a resid-
ual error still remains at the end of the process. While this
residual error is small, it can accumulate as it propagates
through the layers, finally leading to predictions that diverge
from those of the original FP model. To address this issue,
it is necessary to further finetune the resulting model to
compensate for these errors and make it better suited to the
target task. We will discuss this in § 6.1.2. In the following
section, we will introduce knowledge distillation to achieve
this goal.
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Figure 4: Illustration of successive extractions of Boolean kernels from a given FP weight matrix.

4.3.2. FINETUNING WITH KNOWLEDGE DISTILLATION

Knowledge distillation (KD) [22] involves training a student
network to replicate the behavior of a teacher network, typ-
ically when the student is more efficient. The student is
guided by the teacher’s output distribution and/or intermedi-
ate states as “soft targets”. In our case, the FP model serves
as the teacher or source model, and the Boolean model is
the student. More specifically, the output probability distri-
bution of an LLM for a token X{;} is computed as:

eXp(XM /T)

N )
> exp(Xy;)/7)
where Ny is the vocabulary size and 7 is the softmax tem-

perature. The logit-based knowledge distillation (KD) loss
across the sequence of all output tokens is defined as:

p(Xpip;7) = (12)

1
Liogits = 7 ZDlogils (pep (X(j15 ), Pooot (X (1; 7)), (13)

Jj=1

where prp(X(;);7) and prool (X[j); 7) denote the distru-
tions on the j-th token in the input sequence yielded from
the FP and Boolean models, respectively, and L is the se-
quence length. We empirically found that the temperature

= 1 works best in our experiments. There are several
possible choices for the measure Diogyis [29]. We find that
the simple forward Kullback-Leibler (KL) divergence yields
the best results. A more detailed discussion of this choice is
be provided in Appendix E.2.

Additionally, to minimize the distributional discrepancies
in the intermedate layers, we incoporate an intermediate
state-based KD loss across a squence of hidden states as:

(14)

ZZHQ

hEH] 1

bool 2

where Q%’ and bool represent the h-th hidden states of
the FP and Boolean models for the j-th token, repsectively;
H is the set of chosen intermediate states.

Finally, the overall loss is then computed as £ = Liqgits +
~vL;s, where 7y is a weighted factor that balances the contri-
bution of the two losses. We empirically found that v = 10
works best.

5. Kernel Allocation

Using more kernels improves the Boolean model’s repre-
sentation capacity, but it increases the model size. In this
section, we present a method for automatically selecting the
number of kernels for each weight, given a specific overall
budget. Let Nyy represent the number of weights in the FP
teacher model, and let K for I € [1, Nw] denote the num-
ber of target Boolean kernels for the I-th weight. Our goal
is to determine k £ {K;};c[1,ny,) While meeting specific
design objectives. Several factors must be considered:

(1) Residual error: Denote el[k] € R the approximation error

when apply our successive SVID extraction method to the
k-th kernel for the [-th wei ht which can be measured using
the Frobenius norm of Wres (Eq. 11).

(2) Weight importance: Denote h; the importance of the
l-th weight of the FP teacher model. The importance score
is a key factor, as a higher score indicates the need for
more Boolean kernels. In this work, we propose using
projection weighted canonical correlation analysis (PWCCA)
[42] to estimate these scores, as PWCCA is a reliable tool
for analyzing representations in deep models. The details of
the method to estimate the importance scores are available
in Appendix D.1.

(3) Weight size: The size of the [-th weight is denoted by
spand p; = 51/ Efj:“{ sy, represents its relative size in the
model.

For a given k, the size of the target Boolean model, in terms
of the number of weights, is Zz 7 Kis;. Relative to the
source FP model, this repersents an expansion ratio, defined
as:

s DI Kis 1 Kisi

171 S

p(k) = (15)

Z Kipi.

Optimization objective. To control the model size, we
constrain the expansion ratio to a target value 7" > 1. Addi-
tionally, we constrain the kernel size to a upper limit Ky,
such that 7' < Ky, < oo. Thus, the optimization space
is K £ [1, Kinax)YW. The optimization problem is then
formulated as:
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Figure 5: Normalized L1 norm difference between the approximated weights at initialization and after finetuning against the
FP weights (||Wapprox — Wep|[1/][Wep||1) , and the final results.
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Figure 6: The progression of training losses, number of flips, and perplexity of the resulting models (OPT-125M) is examined
with respect to the optimization of different kernel configurations.

k* =argmin&(k), st pk)<T, (16)
kek
Nw
where £(k) 2 3" he™ f (). (17)
=1

Here, £(k) is the objective (energy) function, and f(-) is a
certain monotonically decreasing function. Based on our
experiments, a practical choice is f(p;) = (1/p;) log(1/p;).
Intuitively, we aims to minimize residual error but also
prioritize weights with higher importance and smaller size,
balancing the trade-off between accurate knowledge transfer
and model efficiency.

Optimization algorithm. The problem’s complexity is
O(KXNw), which can be very large for LLMs. To develop
an efficient algorithm for this NP-hard problem, we observe
that el[k] decreases with k for all /. The energy function £ (k)
is maximized when k = 1, and any increase in any com-
ponent k; reduces £ (k). This suggests a heuristic iterative
approach where the algorithm increments K; by one unit
in the most efficient direction (i.e., determining the best [)
with the greatest reduction in £(k). Our final algorithm is
presented in Algorithm 9 in Appendix.

6. Experiments

Setups. In all the experiments, we follow the experimen-
tal protocol from [25]. The training dataset consists of a
mixed set, combining the WikiText2 [41] training data and
a selected partition from the C4 [47] training data, with a
sequence length of 2048. We use a cosine decay learning
rate scheduler, preceded by a warm-up phase constituting
3% of the total training time, which spans 3 epochs with
batch size 8. For Boolean parameters, the maximum learn-

ing rate is set to 5 x 103. For the remaniing FP parameters,
we employ the AdamW [39] optimizer with a maximum
learning rate of 2 x 10~° and hyperparameters 3; = 0.9,
B2 = 0.999. As a standard evaluation [25, 58], we assess
language modeling performance by measuring perplexity
(lower is better) on the WikiText2 and C4 datasets.

6.1. Ablation Studies and Analysis
6.1.1. EFFECT OF THE NUMBER OF KERNELS

We begin by examining the effect of the number of Boolean
kernels on the OPT-125M model [63]. Fig. 5 shows the nor-
malized difference between the approximated weights using
our successive SVID and the original FP weights, both at
initialization and after finetuning. As the number of Boolean
kernels increases, the approximation error decreases, lead-
ing to better perplexity performance. This contrasts with
MosS [25], where adding more experts does not consistently
improve performance and may even degrade it. This shows
the importance role of using additional Boolean weights.
As shown in Fig. 5, using 3 or 4 kernels provides a good
approximation, with diminishing improvements beyond that.
Finally, we note that the normalized difference from the Fp
weights is even higher after fine-tuning with KD. We hypoth-
esize that KD finetuning compensates the errors due to the
lower expressiveness of a small number of kernels, further
emphasizing its role in adapting the model to approximate
the FP model rather than replicating every individual weight.

6.1.2. OPTIMIZATION STRATEGY

Next, we study the effect of optimizing kernels on the OPT-
125M model. We consider four Boolean kernels and train



Ultra-Efficient and Effective Large Language Models with Multi-Boolean Architectures

Table 2: Perplexity and zero-shot accuracy results of Float16, quantized and binarized LLMs.

.. Perplexity (|) Zero-shot Accuracy (1)
Model Method WhIts \viki2 €4 BoolQ PIQA Hella. WinoG. ARC-e ARC-c Average
FP-16 16 1462 1472 57.82 7242 5370 5951 5097 2952 53.99
PB-LLM [61] 17 27283 17542 6217 5424 2725 5027 2798 2372 40.94
BIiLLM [23] 11 6945 6392 6192 5952 3381 4932 3438 2235 4355
4 OneBit[58] 1 2036 2076 5785 6653 3921 5461 4280 2397  47.50
OPT-L3B [63] /05 [25] 1 1845 1883 6034 68.66 41.99 5399 4487 2619 4934
QPTQ [18] 2 953 3.8e3 39.60 5207 2557 4933 2668 23.63  35.15
LLM-QAT [38] 2 49e¢3 2.1e3 37.83 5005 2572 4972 2576 2509  34.07
OmniQuant [S0] 2 4243 5564 5645 6094 3339 5185 3876 2338  44.13
MBOK [Ours]  2x1 1613 1661 5853 70.67 4811 5675 4819 2790  51.69
FP-16 16 568 708 7321 7742 7299 6685 5253 4138  64.06
PB-LLM [61] 17 19837 157.35 60.51 5353 2723 49.17 2748 2602  40.66
BiLLM [23] 11 4166 4815 6223 5865 3464 SL14 3308 2568  44.24
oy OneBit[58] 1 848 1049 6250 7040 5403 5532 4107 3088  52.36
LLaMA-TB [33] 06 105] 1 797 972 6459 7182 58.18 S58.88  42.09 3131 5448
QPTQ [18] 2 193 7.8¢2 4379 4995 2563 4941 2584 2747  37.2
LLM-QAT [38] 2 7.e2 3.0e2 37.83 50.87 2476 5178 2626 2551  36.17
OomniQuant [S0] 2 1534 2621 5869 6279 43.68 5296 4154 2935  48.17
MBOK [Ours]  2x1 683 853 6920 7432 6480 6030 49.05 3490 5876
FP-16 16 509 661 6847 7905 7624 70.17 5985 4454  66.39
PB-LLM [61] 17 3583 3979 6217 5870 3397 5217 3186 23.63 4375
BiLLM [23] 111 1456 1667 6253 68.17 5224 5943 4191 2994 5237
oy OneBit[58] 1 765 956 6330 7198 60.61 5943 4285 3242  55.10
LLaMA-13B [33] ;06 105 1 716 881 6382 7388 6405 6093 4428 3311  S56.68
QPTQ [18] 2 323 99¢2 4239 5000 2527 5067 2614 2739 3698
LLM-QAT [38] 2 183 12¢3 37.83 5033 2540 5162 27.02 2687  36.51
OomniQuant [S0] 2 1343 1933 6220 6899 5416 53.83 4550 3038  52.51
MBOK [Ours]  2x1 617 7.88 68.10 7633 6988 6417 5234 3788 6145
Table 3: OPT perplexity results (lower is better) on WikiText2 and C4.
Wiki2 Cc4
OPT Model WaBits
125M 350M 13B 27B 67B | 125M 350M 13B 2.7B 6.7B
FULL-PRECISION 16 | 27.65 22.00 14.63 1247 10.86 | 26.56 2259 16.07 1434 12.71
RTN [60, 12] 3 3728 2594 4817 1692 12.10 | 33.91 2621 2451 1843 1436
QPTQ [18] 3 31.12 2424 1547 12.87 11.39 | 29.22 2463 1697 1500 13.18
MBOK [Ours] 3x1 29.10 2312 1530 13.09 11.03 | 28.62 22.10 15.68 14.00 12.33

only one, freezing the others. Fig. 6 shows the conver-
gence of the losses. Training the first kernel results in the
slowest convergence, with progressively better performance
as higher-order kernels are trained. As shown in Proposi-
tion 4.1 and Proposition 4.3, the SVID effectively extracts
optimal Boolean weights and scaling factors. In our succes-
sive SVID framework, the first kernel is well extracted and
captures the most important information, while higher-order
kernels approximate the residuals. The kernels are related in
a successive manner, so modifying the lower-order kernels
affects the higher-order kernels. We observe that the number
of flips of the Boolean weights is very high when training
only the first kernel, indicating that the model struggles to
optimize. In contrast, fine-tuning only the last kernel to
compensate for final approximation errors and adapt to the

data is more efficient, as reflected by the lowest flip rates
and best performance. This is in line with the observation
in [35], where they compress “delta” induced by the finetun-
ing process by using 1-bit weights. Additionally, training
all the kernels together performs worse due to interference
between them. This further highlights the advantage of our
approach, as training complexity is significantly reduced by
only optimizing the last kernel. Thus, we apply this strategy
in all our experiments.

6.2. Main Benchmark Results

Table 2 compares our method with recent baselines in bi-
narization and 2-bit quantization, evaluating perplexity and
accuracy on zero-shot tasks including Winogrande [49], Hel-
laSwag [62], PIQA [6], BoolQ [9], and ARC [10]. For our
method, we use 2 Boolean kernels, an ultra low-bit setting.
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Due to space constraints, the results for LLaMA2-7B and
LLaMA2-13B [54] and different number of Boolean kernels
are provided in Appendix E.4 and Appendix E.3.

Our method consistently and significantly outperforms the
baselines in both perplexity and zero-shot accuracy, achiev-
ing results close to the FP-16 baseline despite using only
a budget of 2 bits for weight. As expected, QAT methods
like OneBit and MoS perform better than PTQ methods, but
this comes at the cost of extensive finetuning. In contrast,
our approach efficiently address this problem by optimizing
parameters directly in Boolean space, avoiding the need for
optimizing in FP latent sapce.

6.3. Accuracy-Compression Trade-offs

We further investigate the accuracy-compression trade-offs
of our method, quantization methods, and the FP model.
Specifically, we compare 3-bit quantization using round-
to-nearest (RTN) [60, 12] and QPTQ [18] methods against
our approach using 3 Boolean kernels. We evaluate these
methods on OPT models of varying sizes. The results, pre-
sented in Table 3 and Fig. 1, show that with 3 kernels, our
method closely approaches the performance of the FP model.
Given the same weight budget, our method clearly sits on
the Pareto frontier, delivering the best performance for the
same model size.

6.4. Kernel Allocation and Comparison to BitNet b1.58

We evaluate the effec-
tiveness of our kernel
allocation algorithm on
the OPT-125M model by
comparing a fixed num-
ber of kernels (e.g., 2,
3, 4) applied to all
weights against an opti-
mized number for each
weight. As shown in
Fig. 7, the fixed approach performs slightly better for low
bit-budget and similarly at high bit-budget. We hypothesize
that in extreme cases of small bit-budget, the low-order ker-
nel is crucial for preserving knowledge from the source FP
model, as discussed in § 6.1.2. Removing any of these ker-
nels negatively impacts performance. Thus, we recommend
using a fixed number of kernels in such cases to maintain
network coherence.

w w
o 1M
| |

C4 Perplexity
[}
¢
>

26
T T T T T T T
1.582 2.5 3 3.5 4 4.5

Average bit budget

Figure 7: Comparison between
using optimized (-#=) and fixed (&)
number of kernels for OPT-125M.

Moreover, our kernel allocation method is particularly ben-
eficial when the target expansion (bit-budget) is arbitrary,
rather than an integer. Users can specify any budget for
the model depending on the context. For example, this
flexibility allows direct comparison with BitNet-b1.58 [40],
which uses ternary weights. Our optimized model with a
bit-budget of 1.58 achieves reasonable results, while the

C4 perplexity of BitNet-b1.58 is 10199.89, due to instability
during finetuning, as also noted in [58].

6.5. Discussion on Finetuning Complexity
We highlight the effi-

OPT-6.7B
ciency of our method Mos._|
during finetuning. We MBOK
compare MosS [25] with o 5 5
our method, using 3 Memory (GB)

Boolean kernels on OPT-
6.7B model. Since we
optimize directly in the
Boolean domain, each
Boolean weight requires only 1 bit, while MoS uses 16 bits
for latent weights. Additionally, we only need to finetune
the last Boolean kernel, and the Boolean optimizer stores
a single 16-bit momentum for each weight. In contrast,
the Adam optimizer [28] for latent weights requires two
16-bit momenta per weight. Fig. 8 illustrates the estimated
memory for a minibatch size of one, clearly demonstrating
the significant memory savings of our method compared
to MoS during finetuning. The memory gain can be even
more significant if we incorporate recent advancements in
compressing optimizer states, such as GaLore [64].

Figure 8: Estimated memory for
finetuning for weights () and
optimizer states ().

7. Conclusions

We introduced Multiple Boolean Kernels (MBOK), a novel
framework for low-bit finetuning LLMs. By utilizing
Boolean weights and optimizing them directly in the
Boolean domain, our framework significantly reduces both
memory and computation costs during both finetuning and
inference. The flexible multi-Boolean structure, along with
the proposed successive SVID, effectively transfers knowl-
edge from a source FP model. Through extensive experi-
ments on LLMs of various sizes, we demonstrate that our
method approaches FP performance while achieving the
best accuracy-compression trade-off compared to existing
quantization and binarization methods.

Limitations. Our method, like other binarized neural net-
works, could not be assessed on native Boolean accelerators
due to hardware being optimized for real arithmetic. How-
ever, it may inspire the development of hardware tailored
for Boolean processing. Additionally, while our kernel al-
location algorithm is effective in some cases, it does not
show significant improvement over using a fixed number of
kernels for all weights. We stress that this is an NP-hard
problem, and our algorithm only considers the initialization
stage, meaning the optimized solution can be heavily influ-
enced by the finetuning process. Future work should focus
on improving the optimization algorithm and incorporating
finetuning dynamics to better select the number of kernels.
Lastly, we did not consider activation or gradient quantiza-
tion, which could further reduce memory and computation
costs and is left for future exploration.
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Appendix

A. Primer on Boolean Neural Networks

For completeness, this section reviews the concepts and methodology of Boolean neural networks as proposed by [43].

A.1. Neuron Design

Boolean Neuron. Consider the [-th Boolean linear layer; in the forward pass, the output of the next layer is defined as
[43]:

(z Wi, )
Yij = b(l)+ZL w D 1<i<m, (18)

where k denotes the sample index in the batch, and L is a logic gate such as and, or, xor, or xnor; The weights Wff)ﬂ are
Boolean values {TRUE, FALSE} or {—1, 41}, as typically used in practical implementations. n and m are the number of
input and output neurons, respectively. As the most extreme use case, the input data are also Boolean values. The above
summation is understood as the counting of TRUE values. We emphasize that the framework is flexible, as it allows Boolean
linear layers to be connected through activation layers, layer normalization, arithmetic layers, or other types of layers.

Mixed Boolean-Real Neuron. To enable flexible integration and coexistence of Boolean designs with real-valued
components in deep models, we consider two cases of mixed-type data: (i) Boolean weights with real-valued inputs, and
(ii) real-valued weights with Boolean inputs. This paper focuses on the first case. These scenarios are addressed through
an extension of Boolean logic to accommodate mixed-type data. To proceed, we introduce the essential notations and
definitions. Specifically, we define B £ {TRUE, FALSE} as the Boolean domain, equipped with standard Boolean logic
operations.

Definition A.1 (Three-valued logic). We define the mixed logic domain as M = BU {0}, where 0 represents an undefined
or neutral value. The logic connectives in M are defined in alignment with standard Boolean logic, as follows. First,
the negation operator is extended as: —=TRUE = FALSE, “FALSE = TRUE, and —0 = 0. Next, let L. denote a generic
logic connective (e.g., AND, OR). We distinguish its use in Ml and B by writing Ly and L, respectively. The extended
connective Ly is defined by:

Lua(a, b) = {Lm(a,b) fora,b e B,

0 otherwise.

Notation A.2. Denote by LL a logic set (e.g., B or M), R the real set, Z the set of integers, N a numeric set (e.g., R or Z), and
DD a certain set of L or N.

Definition A.3. For x € N, its logic value denoted by X\ogic is given as Tiggic = TRUE & & > 0, Tiogic = FALSE &
2z <0, and Tiogic = 0 & x = 0.

Definition A.4. The magnitude of a variable x, denoted by |z|, is defined as follows. If x € N, then |x| is the standard
absolute value. For x € L, the magnitude is given by:

0 ifz=0,
|z =

1 otherwise.

Definition A.5 (Mixed-type logic). For L a logic connective of IL and variables a, b, operation ¢ = L(a, b) is defined
such that |c| = |al||b| and ciogic = L(aiogic; biogic)-

13
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A.2. Mathematical Foundations of Boolean Variation

In this section, we present the mathematical foundation of Boolean variation which is the corner stone of the method for
training Boolean weights directly within the Boolean domain, without relying on FP latent weights [43].

A.2.1. BOOLEAN VARIATION

Definition A.6. Order relations ‘<’ and ‘>’ in B are defined as follows:

FALSE < TRUE, TRUE > FALSE. (19)

Definition A.7. For a,b € B, the variation from a to b, denoted §(a — b), is defined as:

TRUE, ifb > a,
§(a—b) =<0, ifb=a, (20)
FALSE, ifb < a.

Definition A.8 (Type conversion). Define:

p: N—=L

TRUE, ifz >0,
z+—p(z) =<0, ifx =0, (21)
FALSE, ifz <O.

Proposition A.9 (Nguyen et al. [43]). The following properties hold:

1. Vz,y € N: p(zy) = xnor(p(z), p(y)).
2. VYa,b € L: e(xnor(a,b)) = e(a) e(b).

3. Vz,y e N: x =y < |z| = |y| and p(x) = p(y).
In particular, property Proposition A.9(2) implies that by the embedding map e(-), we have:

({TRUE, FALSE}, xor) 2 ({£1}, — x), (22)
({TRUE, FALSE}, xnor) = ({£1}, x), (23)

where 22 and x stand for isomorphic relation, and the real multiplication, resp. A consequence is that by e(+), a computing
sequence of pointwise XOR or XNOR, counting, and majority vote is equivalent to a sequence of pointwise multiplications
and accumulation performed on the embedded data.

Proposition A.10. The following properties hold:

1. a €L, x € N: xnor(a,z) = e(a)z.

2. x,y € N: xnor(z,y) = zy.

3. ¢ € {L,N}, y, z € N: xnor(z,y + z) = xnor(z, y) + xnor(z, z).
4. z € {IL,N}, y, A € N: xnor(z, \y) = Axnor(z,y).
5.

z € {IL,N}, y € N: xor(z,y) = —xnor(z,y).

Proof. The proof follows definitions A.5 and A.8.

14
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* Following Definition A.1 we have V¢t € M, xnor(TRUE,¢) = ¢, xnor(FALSE,t) = —t, and xnor(0,t) = 0.
Put v = xnor(a,x). We have |v| = |z| and p(v) = xnor(a,p(z)). Hence, a = 0 = p(v) = 0 = v = 0;
a = TRUE = p(v) = p(z) = v = x; @ = FALSE = p(v) = = p(z) = v = —x. Hence (1).

* The result is trivial if z = 0 or y = 0. For z,y # 0, put v = xnor(z,y), we have |v| = |z||ly| and p(v) =
xnor(p(z),p(y)). According to Definition A.8, if sign(z) = sign(y), we have p(v) = TRUE = v = |z||y| = zy.
Otherwise, i.e., sign(x) = — sign(y), p(v) = FALSE = v = —|z||y| = zy. Hence (2).

¢ (3) and (4) follow (1) for x € L and follow (2) for z € N.

e For (5), write u = xor(z,y) and v = xnor(z,y), we have |u| = |v| and p(u) = =xor(p(x),p(y)) =
—xnor(p(z),p(y)) = - p(v). Thus, sign(u) = —sign(v) = u = —v. O

Notation A.11. We denote F (S, T) the set of all functions from source S to image T.

Definition A12. For f € F(B,D), Vo € B, write 6 f(x — —x) := d(f(x) — f(—x)). The variation of f w.rt. x,
denoted f'(x), is defined as:
f'(z) & xnor(6(x — —x),5f(x — —x)).

Remark A.13. For convenience and consistency of notation, we intentionally adopt the standard symbol for the continuous
derivative, f’, to also denote Boolean variation The intended meaning — whether it represents a continuous derivative or a
Boolean variation — can be inferred from the context in which the function f is defined. Intuitively, the variation of f w.r.t
x is TRUE if f varies in the same direction with x.

Example A.14. Leta € B, f(x) = xor(z,a) for x € B, the variation of f w.r.t. z can be derived by establishing a truth
table (see Table 4) from which we obtain f/(z) = —a.

Table 4: Variation truth table of f(x) = xor(a,x), a,z € B.

a x -z 6(x = —z) fla,z) f(a,mz) &f(x——-x) f'(x)
TRUE TRUE FALSE FALSE FALSE TRUE TRUE FALSE
TRUE FALSE TRUE TRUE TRUE FALSE FALSE FALSE
FALSE TRUE FALSE FALSE TRUE FALSE FALSE TRUE
FALSE FALSE TRUE TRUE FALSE TRUE TRUE TRUE

A.2.2. BOOLEAN VARIATION CALCULUS

Below are some rules of Boolean variation which are necessary for training Boolean neural networks.
Proposition A.15 (Nguyen et al. [43]). For f,g € F(B,B), Vz,y € B the following properties hold:
1. §f(z — y) = xnor(é(x — y), f'(x)).
2. (=f(2)) = ~f'(2).
3. (go f)(z) = xnor(g'(f(x)), f'(x)).

Proof. The proof is by definition:

1. Vz,y € B, there are two cases. If y = z, then the result is trivial. Otherwise, i.e., y = —x, by definition we have:

f(z) = xnor(§(x — —x),6f(x — —x))

& 0f(x — —z) =xnor(d(z — —x), f'(2)).

Hence the result.
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2. Vx,y € B, itis easy to verify by truth table that 6(—f(x — y)) = =df(x — y). Hence, by definition,

(=f) (z) = xnor(6(z — —x),d(—f(z = —x)))
= xnor(§(z — —~x), 6 f(x — —x))
= —xnor(d(x = —x), 0 f(z — —x))

=~/'(a).
3. Using definition, property (i), and associativity of xnor, Vx € B we have:

(go f)(x) =xnor(d(x — —z),dg(f(z) = f(—-x)))
= xnor(d(z — ~z), xnor(d f(z — ~z),¢'(f(2))))
= xnor(¢'(f(x)),xnor(6(z — —z),5 f(x = —x)))
(9

= xnor(g'(f(x)), f'(x)).

Proposition A.16 (Nguyen et al. [43]). For f € F(B,N), the following properties hold:
I z,y €B: 5f(x — y) = xnor(5(z — y), f'(z)).
2. a eN: (af) (z) = af'(z).
3. g€ F(B,N): (f +9)'(z) = f'(z) + ¢'(2).

Proof. The proof is as follows:

1. For x,y € B. Firstly, the result is trivial if y = z. For y # z, i.e., y = —x, by definition:
f'(x) = xnor(§(x — —x),0f(x — —x)).
Hence, |6 f(x — —x)| = | f'(z)] since |§(x — —x)| = 1, and
p(f'(x)) = xnor(d(z — ~z),p(6f(z = —)))
& p(0f(z = ~x)) = xnor(5(x — ), p(f'(x))),
where p(-) is the logic projector Eq. 21. Thus, § f (x — —x) = xnor(§(z — —z), f'(x)). Hence the result.

2. Firstly Vz,y € B, we have
o(af(z—=y)) =af(y) —af(z) = adf(z—y)
Hence, by definition,
(af) (x) = xnor(§(x — —x),d(af(x — —x)))
= xnor(é(z — —z),ad f(z = —x))
= axnor(d(x — —z),d f(x — —x)), due to Proposition A.10(4)

= af'(z).
3. For f,g € F(B,N),

(f +9)'(x) = xnor(§(z — ~x),d(f + g)(z = —))
= xnor(§(z — —x),0f(x = —x) + dg(x — —x))

© xnor(d(z — —z),6f(x — —x)) + xnor(é(x — —x), dg(z — —x)),

= f'(z) +4'(2),

where (%) is due to Proposition A.10(3).
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For f € F(Z,N), its derivative, also known in terms of finite differences, has been defined in the literature as f'(z) =
fl@+1) — f(x), see e.g. [26]. With the logic variation as introduced above, we can make this definition more generic as
follows.

Definition A.17. For f € F(Z,D), the variation of f w.rt x € 7 is defined as f'(x) 2 §f(x — x + 1), where § f is in the
sense of the variation defined in D.

Proposition A.18 (Nguyen et al. [43]). The following composition rules (chain rules) hold:
1. ForB% B % D: (go f)(x) =xnor(¢'(f(z)), f(x)), Vz € B.
2. ForBL 725D zeB, if|f(z)| <land ¢'(f(z)) = ¢'(f(z) — 1), then:

(g° f)'(z) = xnor(g'(f(x)), f'(x)).
Proof. The proof is as follows.

1. The case of B 5 B % B is obtained from Proposition A.15(3). For B % B % N, by using Proposition A.16(1), the
proof is similar to that of Proposition A.15(3).

2. By definition, we have
(g0 f) (x) = xnor(5(x — —x), 5g(f(x) = f(-))). (24)
Using property (1) of Proposition A.16, we have:
f(oz) = f(2) +6f(z = )
= f() + xnor(3(z — ~a), f'(2)). (25)

Applying Eq. 25 back to Eq. 24, the result is trivial if f’(x) = 0. The remaining case is | f’(x)| = 1 for which we have
xnor(§(z — —x), f'(x)) = £1. First, for xnor(é(z — —z), f'(x)) = 1, we have:

g(f(x) = f(-z)) = bg(f(x) = f(z) + 1)
=g (f(@))
= xnor(¢'(f(z)),1)
= xnor(¢'(f(z)),xnor(d(z — —z), f'(x))). (26)
Substitute Eq. 26 back to Eq. 24, we obtain:
(g0 f)(x) = xnor(5(z — —x),69(f(x) = f(~z)))
= xnor(§(z — —z),xnor(¢' (f(z)),xnor(6(z — —z), f'(x))))
_ xnor(g/(f(2)). /'(x).

where that last equality is by the associativity of xnor and that xnor(z,x) = True for € B. Similarly, for

xnor(§(z — —x), f'(z)) = —1, we have:
6g(f(x) = f(=x)) = og(f(x) = f(x) — 1)
=—g'(f(z) - 1)
= xnor(g'(f(z) - 1), -1)
= xnor(¢'(f(z) — 1),xnor(§(x — —x), f'(z))). (27)

Substitute Eq. 27 back to Eq. 24 and use the assumption that ¢’ (f(x)) = ¢'(f(z) — 1), we have:
(g0 f)(x) = xnor(5(x — —~z),6g(f(x) = f(-2)))
= xnor(§(x — —z),xnor(¢'(f(z) — 1), xnor(d(z — —x), f'())))
= xnor(¢'(f(z)), f'(x))-
Hence the preposition is proved. O

Example A.19. From Example A.14, we have dxor(z,a)/dx = —a for a,x € B. Using Proposition A.15-(2) we have:
dxnor(z,a)/dx = a since xnor(z,a) = -xor(z, a).
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A.2.3. EXTENTION TO MULTIVARIATE CASE

The properties of Boolean variation described above can be extended to the multivariate case in a straightforward manner.
For example, in the case of multivariate Boolean functions, the extension is as follows.

Definition A.20. For x = (x1,...,1,) € B", denote x_; = (x1,...,0_1, 7%, Tix1,...,2T,) for n > 1 and
1 <i < n For f € F(B",B), the (partial) variation of f w.rt. x;, denoted f/(x) or 0f(x)/0x;, is defined as:
fl(x) = df(x)/6x; & xnor(d(x; — —x;),0f(x — x—i)).

The composition rule then becomes:
Proposition A.21 (Nguyen et al. [43]). Let f € F(B",B), n > 1, and g € F(B,B). For1 <i < n:
(g0 f)i(x) = xnor(¢'(f(x)), fi(x)), Vxe€B" (28)

|, from Eq. 18: Y () /oW = 5L(X(l)] W<j]])/5w<”]

[z i )/(SX[k i Then for L = xnor as an example we have: (5Y[k ]/6W i) = XE,?Z] and

Example A.22. Apply Proposmon A.16-(3) to Y( ) and

oY) /5Xf” = JL(X]}

ki)’
0 one(D) 0
Yy /0Kl = Wiy

A.3. Boolean Backpropagation

This section presents how to apply the above principles of Boolean variation to define backpropagation for Boolean neural

networks. The l-th layer (Eq. 18), receives the backpropagation signal from the downstream layer [ 4+ 1. Specifically,

ZE,?J] = T denotes the variation of the loss function £ w.r.t. the output at layer [. To optimize the Boolean weights, we

[ »3]

need to compute the corresponding loss signal, denoted as Q(l) & oL

gl = W In addition, we also have to compute the loss

)
l . .
pl 2 0L Hereafter, we consider the logic gate L = xnor as a concrete
(ki) = sxO

[k.i]

signal for the upstream layer, defined as
example.

First, using Proposition A.15, Proposition A.16, Proposition A.18 and its extension to the multivariate case by Proposi-
tion A.21 in the same manner as shown in Example A.22, we have:

5Y[,€ i §xnor(XEk oL WEZZ)]]) _ X0 29)
6W(l?ﬂ] B 5WE1Z)J] o
5Y[Il€) - dxnor(X Eli)i] szl,)g]) _wO (30)
XD, X, o

Using the chain rules given by Proposition A.18, we have the following atomic variations:

O]
5 S oY
QEQ_ LA 0L |, = xnor £ k71 ) = xnor (Z(l) x ) (31)
16,41 5W(l) 5Y @) (5W @ [k,5] “[k,i]
[4,5] (k4] ¥)
O]
5 S oY
E,lc). s 7£|j = xnor £ , (k31 ) — xnor (Z(l) w ) (32)
3] T 5XEI? : §Y[]l€) ] 5X(Ii) ] (k.51 77 [3.4]
5T J 7

The variations Q[Z Jl and Gfk) ;) can be then obtained by aggregating the above atomic variations over the batch dimension &
and output dimension j, respectively. More specifically, denote 1(+) the indicator function. Additionally, for b € B and a
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variable z, we define 1(z = b) = 1 if 2104 = b and 1(z = b) = 0 otherwise. Then, we have:

1 oL 1) 1
QEi,)j] 2 WO Z 1(QE = TRUE)\Q[k aal— Z 1(QEk)7i,j = FALSE)|Q[k iqh (33)
gl K
ph & %L _Nyp0 P = P 34
i) = @ S oUPY, = TRUB)PY), = D 1P, ) = PALSE)[P), . (34
[k,i] J J
A.4. Boolean Optimizer

Algorithm 1: Boolean learning process for a linear layer.

Input  : Learning rate 7, number of iterations 7T';
Initialize : Mfl) 0 —0; 80 = 1;
fort=0,....,7—1do

/* 1. Forward x/

Compute Yyt following Eq. 18;

/+ 2. Backward x/

Receive 53(6‘# from downstream layer;

/x 2.1 Ba[c;clpropagation x/

Compute and backpropagate P to the upstream following Eq. 34;
/* 2.2 Weight update process x/

Notal := 0, Nunchanged =0

foreach WZ

Compute Q[Z) f following Eq. 33;
Update Mfl) t+1 BtMEf)]t Q(Z)J]H'l,
Ntotal — Ntotal + 1

1fxnor(MEl) ]tH WEZZ) ]t) = TRUE then

/+ Flip weight */
W(l) t+1 W(l)

[4,] [i.4]°
/+ Reset corresponding accumulator =/

(1),t+1
Mpj =0
else
/+ Weight is unchanged */

(1),t+1 ()¢
Wi = Whgps

/* Update statistics to update [ */
N, unchanged <— N, unchanged 1 1;
UPdate 77t+1’ 6t+1 = Nunchanged/]vtolal 5

Given the above variations, the rule for updating the Boolean weight WE )j] to minimize the loss function L is as follows:

I O )
Wil = "W lfxnor(Q[u Wi

) = TRUE. 35)
Based on this update rule, we can develop an optimizer that accumulates the signal Q(l) over training iterations. Specifically,

let W( )t denotes the weight at iteration ¢, and M( )it represents its accumulator, initialized as Mfl) ]0 = 0. The update rule

for the accumulator is then defined as: The update rule for the accumulator is then defined as:

Mf?j“ — ﬁtM[f)jt + Q[l“ (36)

where 7 is the accumulation factor acting as a learning rate, and 3¢ is an auto-regularizing factor that reflects the system’s
state at time ¢. In our work, we use brain plasticity [19] and Hebbian theory [21] to adaptively set /3%, that force the weights
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to adapt to their neighborhood during. For the chose weight’s neighborhood, for instance, neuron, layer, or network level, 3

is set as: )
_ Number of unchanged weights at ¢

Bt = (37)

Total number of weights

It to temper the importance of weight variational according to how much neurons have changed. In our experiments, 3t is
set to per-layer basis and initialized as 3° = 1 The learning process for a linear layer is described in Algorithm 1.

B. Code Samples of Core Implementation

B.1. Boolean Linear Layer and Optimizer

In this section, we provide example Python code for implementing a Boolean linear layer based on the xor logic gate. This
implementation is based on the PyTorch framework [45]. As done in [43], the class definition for the Boolean linear layer is
presented in Algorithm 2, and its backpropagation mechanism—customized via PyTorch’s aut ograd system—is detailed
in Algorithm 3. Each Boolean kernel is primarily implemented using this Boolean linear layer.

We consider both cases of the incoming backpropagation signal: Boolean-valued (see Algorithm 4), and real-valued (see
Algorithm 5). The latter is the main use case in this paper. An example implementation of the Boolean optimizer used to
update the layer’s parameters is provided in Algorithm 6.

Algorithm 2: Python code of XOR linear layer

I import torch
3 from torch import Tensor, nn, autograd
4 from typing import Any, List, Optional, Callable

7 class XORLinear (nn.Linear) :
9 def __init__ (self, in_features: int, out_features: int, bool_bprop: bool, xxkwargs):
0 super (XORLinear, self).__init__ (in_features, out_features, =xxkwargs)

self.bool_bprop = bool_bprop

1
3 def reset_parameters (self):

4 self.weight = nn.Parameter (torch.randint (0, 2, self.weight.shape))
5

6 if self.bias is not None:
7 self.bias = nn.Parameter (torch.randint (0, 2, (self.out_features,)))

9 def forward(self, X):
0 return XORFunction.apply (X, self.weight, self.bias, self.bool_bprop)

Algorithm 3: Python code of the backpropagation logic of XOR linear layer

class XORFunction (autograd.Function) :

def forward(ctx, X, W, B, bool_bprop: bool):
: ctx.save_for_backward (X, W, B)
6 ctx.bool_bprop = bool_bprop

1
3 @staticmethod
|
5

8 # Elementwise XOR logic
9 S = torch.logical_xor (X[:,None,:], W[None,:,:])

1 # Sum over the input dimension
2 S = S.sum(dim=2) + B

4 # O-centered for use with BatchNorm when preferred
5 S =S - W.shape[l]/2

9 @staticmethod

20 def backward(ctx, Z):

1 if ctx.bool_bprop:

22 G_X, G_W, G_B = backward_bool (ctx, 2)
23 else:

24 G_X, G_W, G_B = backward_real (ctx, 2)

1
1
1
1
1
1
1
17 return S
1
1
5
gl

26 return G_X, G_W, G_B, None
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Algorithm 4: Backpropagation logic with Boolean received backpropagation

def backward_bool (ctx, Z):

nnn

Variation of input:

- delta(xor(x,w))/delta(x) = neg w

- delta(Loss)/delta(x) = xnor(z,neg w) = xor(z,w)
Variation of weights:

- delta(xor(x,w))/delta(w) = neg x

— delta(Loss)/delta(x) = xnor(z,neg x) = Xor(z,x)
Variation of bias:

- bias = xnor (bias,True) ==> Variation of bias is driven in

the same basis as that of weight with xnor logic and input True.

Aggregation:

— Count the number of TRUEs = sum over the Boolean data

- Aggr = TRUEs - FALSEs = TRUEs - (TOT - TRUEs) = 2TRUES - TOT

where TOT is the size of the aggregated dimension
wnn

X, W, B = ctx.saved_tensors

# Boolean variation of input
G_X = torch.logical_xor(Z[:, :,None], W[None,:,:])

# Aggregate over the out_features dimension
G_X = 2 % G_X.sum(dim=1) - W.shape[O0]

# Boolean variation of weights
G_W = torch.logical_xor(Z[:,:,None], X[:,None,:])

# Aggregate over the batch dimension
G_W =2 % G_W.sum(dim=0) - X.shape[O0]

# Boolean variation of bias

if B is not None:
# Aggregate over the batch dimension
G_B = 2 % Z.sum(dim=0) - Z.shapel0]

# Return
return G_X, G_W, G_B

Algorithm 5: Backpropagation logic with real received backpropagation

def backward_real (ctx, Z):
X, W, B = ctx.saved_tensors

nun

Boolean variation of input processed using torch avoiding loop:

-> xor (Z: Real, W: Boolean) = -Z * emb (W)
-> emb (W) : T->1, F->-1 => emb (W) = 2W-1
=> delta(Loss) /delta(X) = Z*(1-2w) """

G_X = Z.mm(1-2xW)

nun

Boolean variation of weights processed using torch avoiding loop:

-> xor (Z: Real, X: Boolean) = -Z * emb (X)
-> emb(X): T->1, F->-1 => emb(X) = 2X-1
=> delta(Loss)/delta (W) = Z~T = (1-2x) """

G W = 2.t() .mm(1-2%X)
""" Boolean variation of bias """
if B is not None:

G_B = Z.sum(dim=0)

# Return
return G_X, G_W, G_B
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Algorithm 6: Python code of Boolean optimizer

I class BooleanOptimizer (torch.optim.Optimizer):

def __init__ (self, params, lr: float):

4 super (BooleanOptimizer, self)._ _init__ (params, dict (lr=1lr))

5 for param_group in self.param_groups:

6 param_group|[’accums’] = [torch.zeros_like(p.data) for p in param_group[’params’]]

7 param_group[’ratios’] = [0 for p in param _group[’params’]]

8 self. _nb_flips = 0

9

10 @property

11 def nb_flips(self):

12 n = self._nb_flips

13 self._nb_flips = 0

14 return n

15

16 def step(self):

17 for param_group in self.param_groups:

18 for idx, p in enumerate (param_group[’params’]) :

19 self.update(p, param_group, idx)

20

21 def update(self, param: Tensor, param_group: dict, idx: int):

22 accum = param_group[’ratios’][idx] * param_group[’accums’] [idx] + param_group[’lr’] * param.grad.

data

23 param_group[’accums’] [idx] = accum

24 param_to_flip = accum * (2xparam.data-1) >= 1

25 param.data[param_to_flip] = torch.logical_not (param.data[param_to_flip])

26 param_group|[’accums’ ] [idx] [param_to_flip] = 0.

27 param_group|[’/ratios’ ] [idx] = 1 - param_to_flip.float () .mean ()

28 self._nb_flips += float (param_to_flip.float () .sum())
B.2. Successive SVID for Kernel Extraction
Algorithm 7 illustrate the Python code of the SVID algortithm to extract the optimal Boolean weights and scaling factors for
one kernel. Based on this, Algorithm 8 illustrates the succesive SVID algorithm to extract all kernels.
Algorithm 7: Python code of SVID approximation of a FP matrix.

| def svid_approximation (w) :

" wnn

3 Approximate the input matrix ‘w' by a boolean matrix and a rank-1 matrix:

4 w = w_bool % (s_out * s_in.T)

5

6 Args:

7 w (torch.Tensor): Input tensor of shape (*, m, n).

8

9 Returns:

10 tuple:

11 - w_bool (torch.Tensor): Boolean matrix of the same shape as ‘w'

12 - w_res (torch.Tensor): Residual matrix, w — w_bool x (s_out % s_in.T).

13 — s_in (torch.Tensor): Scaled first left singular vector of ‘w'.

14 - s_out (torch.Tensor): Scaled first right singular vector of ‘w'

15 wnn

16 U, S, Vh = torch.linalg.svd(abs(w.data.clone().float()), full _matrices=False)

17

18 w_bool = torch.sign (w)

19 s_in = torch.sqrt (S[0]) * Vh[O,:].reshape(l,-1)

20 s_out = torch.sqrt(S[0]) % U[:,0].reshape(-1,1)

21

22 w_res = w — w_bool % torch.matmul (s_out, s_in)

23

24 return w_bool, w_res, s_in, s_out

22



1
N
3
4
5

O E LR — O

DR = S 0o o -

ORI = — e
1

8}
£ O

28

29

Ultra-Efficient and Effective Large Language Models with Multi-Boolean Architectures

Algorithm 8: Python code of successively extracts kernels from FP matrix using SVID.

def successive_svid(w_£fp, n_kernels):

wnn
Perform successive SVID on the input matrix to extract Boolean kernels.
Args:
w_fp (torch.Tensor): Input weight matrix.
n_kernels (int): Number of iterations to extract kernels.
Returns:
list: List of dictionaries containing ‘n_kernels' kernels, each has:
- w_bool (torch.Tensor): Boolean matrix.
- s_in (torch.Tensor): Input scaling vector.

- s_out (torch.Tensor): Output scaling vector.

wnn
boolean_kernels = []
w = w_£fp # The input to SVID at first iteration is the original weight
for k in range (n_kernels):

# Extract the Boolean weights, residual, and scaling vectors

w_bool, w_res, s_in, s_out = svid_approximation (w)

# Save the extracted kernel
boolean_kernels.append ({’w_bool’: w_bool, ’s_in’: s_in, ’'s_out’: s_out})

# The input to SVID for the next iteration is the current residual matrix
w = w_res

return boolean_kernels

C. Proof of Propositions

For completeness, we include the proofs of Propositions related to SVID approximation used in the main paper.

C.1. Proof of Boolean Linear Reformulation using SVID

Proposition C.1 (Xu et al. [58]). Given the weight matrix Wgp and input X, the linear layer can be reformulated as

the following using SVID approximation, Wrp =~ Wil © (soutsi—;), as follows:

XW;P ~ |:(X © S;rrl) Wl—)roolj| © S:)rut'

Proof. Due to the SVID approximation, we have Wrp(; ;) & Wi,o01(;,5]Sout[4]Sin[;]- Lhen, we have:

(XWip) 3~ 2 X Wrpp,
§ k

li
= Z X, k)] WEP[j, k]
%
= Z X i,k Whool[j,k] Sout[4] Sin[k]
k

= Z X (s, k]Sin[k] Wbool[, k] Sout 4]
k

= Z (X © Sl—Irl) [i,K] Wl;rool[k,j] Sout[4]
k
= [(XOsl) Wia] | soncs

~{[xeshwin] sk}, -

Thus, the proposition is proved.
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C.2. Proof of Proposition 4.1

Lemma C.2 (Xu et al. [58]). Denote o;(W) the i-th biggest singular value of matrix W. The following inequality
holds:

o1(|W]) = a1(W). (46)

Proof. By the definition of induced norm, we have:

o1(W) =[[W|z2 = max NWxllz, (47)
x,||x|[2=

or(|W]) =[[[W][l2 = max [[|[W]y||z. (48)
v,llyll2=1

In addition, because Vx, ||x||2 = 1, we have:

W3 =D > Wi llxg (49)
J

%

> 1D Wiyl (50)
i J
2

=D | D Wiy D
T\ 7

= [[Wx|3. (52)
Therefore
max |[[[Wly|2 > max [[Wx]| (53)
¥ llyll2=1 x,|[x[l2=1
< 01(|W]) = 01(W). (54)
Thus, the lemma is proved. O

~ ~ ~T ~
Proposition C.3 (Restated from Xu et al. [58]). For W € R™*"™ write W = UXV  its SVD. Let a = vo1Up ),
and b = \/&1V[:71]. Similarly, denote |W| = UxVv' its SVD; sin and Syt are given as: Si, = ,/O'1V[:71], and
Sout = /01 U[. 1]. We decompose the matrix as W = W01 © [W| ~ Whoo © (soutsiTn). We then have:

W — Whoor 0o < [W - a7 o

Proof. We denote the following error matrices:

E;=W—ab', (56)
E; = [W| — squsy . (57)

Multiplying Wi,,,1 With both sides of Eq. 57, we have:

Whool @ [W| = Whool @ SoutSin = Whool @ Eg (58)
& W - Wbool O] Soutsi—; = Wbool O] E2- (59)
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Thus, we have:

||W - Wbool © Soutsi—lr—l||2F = ||Wbool O) E2||2F (60)
- Zwbool [2,4] + Eg[zg] (61)
- ZE2[Z,j (62)
= ||E2HF (63)

For SvD decomposition, the norm of the above error matrices in the rank-1 approximation is the um of squares of all singular
values except the largest one. In particular, we have:

1B [[7 =D o7 (W), (64)
1=2
Eall7 =Y o?(IW]). (65)

Since [|[W||% = |||W]||%, we have:

Zﬂm:ZﬂMD (66)
=1 3
& [[EL|F + o (W) = IIEzllpol(\Wl) (67)

Thus, according to Lemma C.2 and Eq. 63, we have:

|%%ﬂm% (68)
[W — Whoot ® Soutsiy HW —ab’' H ) (69)
Thus, the proposition is proved. O

C.3. Proof of Proposition 4.3

Proposition C.4. For W € R™*" we denote |W| = UXV ' its SVD. siy, and Sou; are given as: sin = \/o1 V|, 1), and
Sout = \/O U [,1]- We decompose the matrix as W = W01 © |[W| & Wo © (soutsm) We then have:

2
[W = Wioa © Soussi [ < [W = Wioo @cd ||, vee R, vd e R, (70)

Proof. Similar to the proof of Proposition 4.3, we denote the following error matrices E; = |[W| — souts;. and Eo =
|[W| —cd'. We have that

Wbool ®© ‘W| Wbool O] Soutsm Wbool O] El (71)
& W — Wbool O] SoutS Wbool © El (72)

Therefore,
HVV—VVbOOl G)SOUtSi H - HWbOOl ®E1||F - ZWbOOIZJ]El[’Lj ZEl[’Lj ||E1||%‘ (73)

0,J
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Similarly, we have that
T2 2
W= Wi oab’| =B} 4)
Thus, we need to show that

B 7 < (1B (75)

Additionally, we denote the rank-k approximation to |[W/| by SVD as Sg:
k
Sk = Z JlU[,Z]VF—,Z] (76)
i=1

With this notation, we have that S; = soutsg1 is the rank-1 approximation of |W| by SVD.

From Eq. 75, we need to show that if there is an arbitrary rank-1 approximation to |[W|, P; = ch, we then have

2
[IW1 = soush|[7 < W] —ed"| . (17)

mn

This can be done by using the Eckart-Young-Mirsky theorem [17]. First, we have that

n

=> o} (78)

2
IIW] =813 = [[[W] ~ Sousih5. =
F 1=2

.
> ULV
1=2

By the triangle inequality with the spectral norm, if |[W| = C + D then o (|W]) < 01(C) + o1 (D). Suppose the Cj, and
D, denote the rank-k approximation to C and D by SvD method, respectively. Then, for any ¢, 7 > 1 we have

Ui(C)—‘rO'j(D):Ul(C—Cifl)—‘rUl(D—Djfl) (79)
>01(|[W|-Ci-1 —Dj_4) (80)
Z 0'1(|W| — Si+j_2) (since rank(Ci_l -+ Dj—l) S 7 +] — 2) (81)
= oirj-1(IW]). (82)

Because 02(P1) = 0, when C = |W| — Py and D = P; we have that fori > 1,5 = 2, 0;,(|[W| = Py) > 0,11 (|[W]). As
a result,

[[W] =P[5 = i =1"0,(W|=P1)> > > i = 2"0;([W|)* = |||[W] = Sy (83)
& | Ball7 > (1B ][ (84)
2
& [ W= Wimoed| > [W = Wioo © sousi[5. (85)
Hence the proposition is proved. O

D. Details on Kernel Allocation
D.1. Weight Importance Estimation

We assess the importance of a linear weight in the original FP model by comparing the representations at its input and
output. Let X € R¥*™ and Y € R?*™ denote the input and output matrices of a linear layer, respectively, where d is the
number of samples, and n and m are the input and output feature dimensions. We hypothesize that a weight is important if it
significantly transforms the input representations. For example, a weight matrix equivalent to the identity does not alter
the representations and thus would be considered unimportant. To quantify this transformation, we use a robust metric for
comparing neural representations.
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Various similarity measures can be used for this purpose, such as cosine similarity, as done in [20]. In this work, we adopt
PWCCA [42], which is particularly well-suited for our setting: it is invariant to linear transformations—an essential property
given that large language models (LLMs) are primarily composed of linear layers—and effectively captures shared structure
while filtering out noise [42].

Specifically, we define the importance score as:

1 C
h=1-2-% (X,Y), 86
c 2 pPPwWCCA,i( ) (86)

where ¢ denotes the number of canonical vectors used in the comparison (typically, ¢ = min(n,m)). The matrices X
and Y are obtained by simply forwarding a set of data samples through the network. In our experiments, we use 128
random samples from the WikiText2 training set to estimate the importance score. Here, ppwcca i represents the projection-
weighted correlation along the ¢-th canonical direction. The following section describes in detail how this correlation is
computed.

Projection-weighted Canonical Correlation Analysis. Canonical Correlation Analysis (CCA) finds bases for two matrices
such that, when the original matrices are projected onto these bases, the resulting projections are maximally correlated.
Without loss of generality, we assume that n < m. For 1 < ¢ < n, the ¢-th canonical correlation coefficient p; is given by:

pi = max corr(Xwi, YYw?) (87)

w;vw;
subject to Xwi | Xwh Vj<i
Ywi LYw), Vj<i.

The vectors wi € R™ and wi, € R™ that maximize p; are called the canonical weights. These weights transform the
original data into the canonical variables Xw% and Yws,. The constraints in Eq. 87 enforce orthogonality among the
canonical variables, ensuring that each successive pair captures a distinct mode of correlation.

The mean CCA correlation is then computed as:

PCCA = (88)

n
Zi:1 Pi
n )
where n is the number of canonical correlation coefficients considered.

CCA is sensitive to perturbation when the condition number of X and Y is large. To imporve robustness, [42] propose a
strategy to reduce this sensitivity, which they term “projection-weighted CCA” (PWCCA).

i ;04
PPWCCA,i = Zizlp, o = Z |(hy, x5)], (89)
J

i=1 Qi

where x; is the j-th column of X, and h; = Xw is the vector of canonical variables formed by projecting X to the i-th
canonical cooridate frame.

D.2. Kernel Allocation Algorithm

Algorithm 9 illustrates the details of our algorithm for kernel allocation.
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Algorithm 9: Kernel allocation.

1 Input

2 T>1; /* model expansion limit =/
3 E = [egk]} € RVwW X EKmax for L € [1, Kmax), € [1, Nw] ; /* residual approx error =*/
4 h = [h] € RVwx!, /* weight importance scores =/
5 p = [p] € RN"wWx1; /% weight size ratios =/
¢ Initialize

7 k=11,...,1]T of length Nw ; /+ starting choice */
8 f=k < Knax ; /x feasible indicator x/
9 C= (%log %) OhoE; /* where ® 1is broadcasted over E columns =*/

10 While not all f is False do
1 g:=0,1:=0;
12 for/=1: Nw do

13 if £[I] = True then

14 g := C[Lk[l]] - C[l,k[l] +1]; /* gain by increasing kernel size by 1 */
15 ‘ Append [ to 1, append g to g;

16 Sort g in decreasing order, and arrange 1 accordingly;

17 for (g,1) in (g,1) do

18 k; :=k;

19 k[l =k[l]+1;

20 if k[ p < T then

21 k{l] = k[ + 1;

22 ‘ break ; /* escape the for loop */
23 else

24 | f[l] := False;

25 f + and(f,k < Kmax) ; /+ element-wise logical and =*/
26 return k

E. Additional Experiemental Results
E.1. Additional Information of Experiemental Settings

We use 12 Nvidia GPUs of Tesla V100 for our experiments. We follow exactly the experimental settings in [25]. The results
of the baselines in Table 2 are taken from [58, 25].

E.2. On the Choice of KD Loss

Liogits (Forward KL)
10

Diogits Wiki2 C4

= Forward KL 31.39 28.50

Reverse KL 33.14 29.46
= Symmetric KL 32.67 29.26
— JS Divergence 31.78 28.69
= TV Distance 33.02 29.56

T T T T T T T T
0 20000 40000 60000 0 20000 40000 60000

Iteration Iteration

Figure 9: The training convergence of Lis, and Ljgits, measured by Forward KL, and the final results with respect to the
choice of Dyggits.

Fig. 9 illustrates the convergence and results of using different choices for Djogs in Eq. 13. Despite its simplicity, forward
KL achieves the best performance. More complex measures, such as total variance (TV) distance [57] and Jensen-Shannon
(JS) divergence [1], offer no significant benefits in our case. Furthermore, we observe that the final perplexity is strongly
correlated with Liogiis using forward KL, but not with Lj,, as shown in Fig. 9 and Fig. 6. As a result, we employ the forward
KL in all experiments.
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E.3. Results of Different Number of Kernels on LLMs

To complement the Table 2, Table 5 shows the benchmarking results of LLMs using our MBOK method with varying numbers
of kernels per weight. Consistent with the observations made on smaller models in § 6.1.1, we observe that increasing the
number of kernels generally improves performance. However, the performance gains begin to diminish noticeably beyond
three kernels.

Table 5: Perplexity and zero-shot accuracy results of our MBOK method with different number of kernels.

Perplexity (|) Zero-shot Accuracy (1)
Wiki2 C4 BoolQ PIQA Hella. WinoG. ARC-e ARC-c Average

Model Method Whits

MBOK (2 kernels) 2x1 16.13 16.61 5853 70.67 48.11 56.75 48.19  27.90 51.69
OPT-1.3B [63] MBOK (3 kernels) 3x1 1530 15.68 60.64 70.78 50.71  56.83 48.82 2849 52.71
MBOK (4 kernels) 4x1 14.83 1492 6095 7085 51.02 56.85 49.13  29.24 53.01

MBOK (2 kernels) 2x1 6.83 853 6920 7432 6480  60.30 49.05  34.90 58.76
LLaMA-7B [53] MBOK (3 kernels) 3x1 620 776  67.89 76.15 6891  63.30 4894  37.62 60.47
MBOK (4 kernels)  4x1 6.01 753 68.16 7671 69.85  62.09 49.24  38.14 60.70

MBOK (2 kernels) 2x1 6.17 788 68.10 7633 69.88  64.17 5234 3788 61.45
LLaMA-13B [53] MBOK (3 kernels) 3x1 5.58 7.15 6739 7174 7337  66.61 54.04 4121 63.39
MBOK (4 kernels) 4x1 5.38 691 68.69 77.63 7423  66.53 56.14  41.38 64.10

E.4. Additional Results on LLaMA-2

Table 6 shows the results on LLaMA2-13B [54]. Similar to the Table 2, the results of the baselines are taken from [58] and
[25]. Tt is clear that our method consistently outperforms the baselines across different metrics and model sizes.This further
emphasizes the robustness of our approach across various types of models.

Table 6: Perplexity and zero-shot accuracy results of Float16, quantized and binarized LLaMA2 models.

., Perplexity () Zero-shot Accuracy (1)
Model Method WhitS Wiki2 C4 BoolQ PIQA Hella WinoG. ARC-e ARC-c Average
FP-16 16 547 697 7110 7688 7294 67.09 5358 4061  63.70
PB-LLM [61] 17 7675 8592 6217 5282 2687 50.11 2689 2431  40.53
BiLLM [23] LIl 2772 3634 6214 59.19 3518 5311 3422 2654 4506
oy OneBit[38] I 860 1074 6306 7040 5424 5667 4082 2935 5242
LLaMA2-7B [54] o5 [25] 1 788 975 6502 7155 5941 5618 4184 3003  54.01
QPTQ [18] 2 7763 NaN 4297 4946 2619 5028 2677 2858  37.38
LLM-QAT [38] 2 1.1e3 66¢2 59.14 5012 2510 49.08 2626 2696 3589
omniQuant [50] 2 3121 6434 5869 5653 33.87 5122 3363 2432  43.12

MBOK [Ours] 2x1 6.87 874 6694 7497 6559 61.72 4482 3421 58.04
MBOK [Ours] 3x1 6.12 781 6546 7579 69.59  62.04 49.11  37.80 59.97

FP-16 16 488 647 6899 7905 7662 6977 5795 4420  66.10
PB-LLM [61] 1.7 15525 15115 37.82 5326 2889 4948 2828 2372 3691

BiLLM [23] L1 2071 2719 6220 6251 3805 5635 4069 2773 47.92

4y OneBit[58] 1 756 967 6566 7160 6007 5691 4576 3174  55.9
LLaMAZ-13B [54] 1 105 1 708 891 6612 7372 6380 5898 4571 33.19  57.09
QPTQ[18] 2 2063 322 4061 5174 2567 5185 2546 2730 3711

LLM-QAT [38] 2 5.1¢2 1le3 3985 4908 2437 5138 2715 2432 3603

OmniQuant [50] 2 1688 27.02 6205 6224 5034 5320 4066 2961  49.68

MBOK [Ours] 2x1 5.97 785 6632 7584 7024 6251 50.00 37.46 60.40
MBOK [Ours] 2x1 5.35 7.07 66.80 7759 73.79 6527 5447  41.89 63.30

E.5. Generation Quality

Table 7 illustrates the generated text given zero-shot arbitrary questions from LLaMA-13B with FP-16 weights and MBOK
using three kernels. It is clearly that our model is able to produce meaningful and coherennt text compared to the original
FP-16 model.
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Table 7: Comparison of generation quality (non-curated) on LLaMA-13B models with FP-16 and MBOK using three kernels.

Prompt:
FP16:

MKOB:

What are the capitals of China, US and Russia?

The capital of China is Beijing.
United States is Washington D.C.
Russia is Moscow.

The capital of the
and the capital of

The capital of China is Beijing.
is Washington D.C.

The capital of the US
and the capital of Russia is Moscow.

Prompt:

FP16:

MKOB:

I have a friend who lives in London and I would like to
visit him. How would I go there from Paris?

You can take the Eurostar from Gare du Nord in Paris to
St. Pancras Station in London. The trip takes about 2
hours and 15 minutes.

The fastest way to get from Paris to London is to take
the Eurostar train. The Eurostar departs from the Gare
du Nord station in Paris and arrives at the St. Pancras
International station in London. The trip takes about 2
hours and 15 minutes.

Prompt:
FP16:

MKOB:

What is Fete du Travail?

It is an annual holiday celebrated all over the world
that resulted from the labour union movement, to
celebrate the economic and social achievements of
workers. The majority of countries celebrate Labour Day
on May Day, or May 1, and it is popularly known as May
Day and International Workers’ Day

In France, May lst is a public holiday. It is also
known as Labour Day, International Workers_ Day, or May
Day. It is a celebration of the social and economic
achievements of the labour movement. It originated from
the eight-hour day movement, which advocated eight hours

for work, eight for recreation, and eight for rest.

Prompt:

FP16:

MKOB:

What are the main ingredients in pho, Vietnam_s iconic

noodle soup?
Rice
bean
fish

noodles,
sprouts,
sauce.

beef or chicken, onions,

basil, lime,

ginger, cilantro,
hoisin sauce, Sriracha, and

Bone broth, rice noodles, fish sauce, herbs and spices,
and beef, chicken, or seafood, depending on the type
of pho you_re eating. Pho is usually served with

bean sprouts, Thai basil, lime wedges, and hoisin and
sriracha sauces.

E.6. Comparison with Latent-weight Approaches

We compare our method with latent-weight approaches on OPT models, using MoS with 3 experts and our method with
3 Boolean kernels. We also introduce a baseline using our SVID framework to construct 3 binary weights that rely on FP
latent weights for training. Results in Fig. 10 show that our method converges much faster, as it directly optimizes Boolean
parameters without the need for STE to approximate gradient signals. Both our approach and the latent-weight method
outperform MosS, demonstrating the benefit of using additional Boolean kernels and our successive SVID framework. Our
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method is also more efficient, avoiding the need for FP latent weights and extra momentum.

Training loss £

10

10

OPT-125M OPT-350M OPT  Method Wiki2

C4
1044
— Mos (3 experts) [25] 38.62 34.72
125M  — 3 Latent weights 29.47 27.18
1034 = MBOK (3 kernels) [Ours] 29.10 26.48
= Mos (3 experts) [25] 29.93 28.25
T T T T T T T 350M -~ 3 Latent weights 23.58 22.65
20000 40000 60000 0 20000 40000 60000 — MBOK (3 kernels) [Ours] 2312 22.10

Iteration Iteration

Figure 10: Comparions between our method and latent-weight approaches.
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