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Abstract—Long Short-Term Memory (LSTM) networks are
widely used in speech recognition and natural language processing.
Recently, a large number of LSTM accelerators have been
proposed for the efficient processing of LSTM networks. The
high energy consumption of these accelerators limits their usage
in energy-constrained systems. LSTM accelerators repeatedly
access large weight matrices from off-chip memory, significantly
contributing to energy consumption. Reducing off-chip memory
access is the key to improving the energy efficiency of these
accelerators. We propose a data reuse approach that splits and
combines the LSTM cell computations in a way that reduces
the off-chip memory accesses of LSTM hidden state matrices by
50%. In addition, the data reuse efficiency of our approach is
independent of on-chip memory size, making it more suitable
for small on-chip memory LSTM accelerators. Experimental
results show that our approach reduces off-chip memory access
by 28% and 32%, and energy consumption by 13% and 16%,
respectively, compared to conventional approaches for character
level Language Modelling and Speech Recognition LSTM models.

Index Terms—LSTM, off-chip memory access, data-reuse

I. INTRODUCTION

Recurrent neural networks (RNN) are deep learning algo-
rithms specialized in handling sequential data problems. Long
Short-Term Memory networks (LSTM) [1] are variants of
RNNs designed to handle long-range dependencies. Several
customized accelerators are proposed [2]–[4] to speed up the
inference of LSTM. These accelerators have limited on-chip
memory, specifically the accelerators targeted for embedded
devices. LSTM computations involve matrix-vector multiplica-
tions, and the size of these matrices can be significant (in sev-
eral megabytes) and often exceed the size of the accelerator’s
on-chip memory. These matrices are accessed repeatedly from
the off-chip memory, which results in a large volume of off-chip
memory accesses and energy consumption. Reducing off-chip
memory access is the key to improving the energy efficiency of
LSTM accelerators ([5]–[7]). As the LSTM cell state depends
on the previous time-step cell state, reusing the weights among
the different steps to reduce the off-chip memory access is
challenging in LSTM.

In this paper, we propose a novel data reuse scheme that
reduces the off-chip memory accesses of LSTM accelerators.
Fig. 1 shows the LSTM cell computations for two consecutive
time steps using conventional and the proposed approach.
Conventional approaches access the R matrix at each step to

(a) Conventional approach (b) Proposed approach

Fig. 1. LSTM cell computations for consecutive time-steps a) R accessed at
each step. b) half of R accessed at each step.

compute the hidden state vector ht, as shown in Fig. 1a, which
results in a large volume of off-chip memory accesses. The
proposed approach splits the computations into partial sums
and computes the partial sum of two consecutive time steps
(St and St+1) to reuse the weights of R, as shown in Fig. 1b.
Our main contributions in this paper are as follows,

• We present a weight reuse approach that reduces the off-
chip memory accesses of hidden state weight matrices by
approximately half.

• We analyzed the results to show that our approach is
independent of on-chip buffer sizes and effective for
accelerators with small on-chip buffer sizes.

II. BACKGROUND

LSTM has recurrent connections to capture the long and
short-term dependencies. Typically the computations of LSTM
cell is described by the following equations

i=σ(W i·xt+Ri·ht−1+bi)

f=σ(W f ·xt+Rf ·ht−1+bf )

g=tanh(W g·xt+Rg·ht−1+bg)

o=σ(W o·xt+Ro·ht−1+bo)

ct=f�ct−1+i�g

ht=o�tanh(ct)

(1)

where xt is the input, ht is the hidden state, and ct is the
cell state at time t. i, f, g, o are the computed gate values. �
denotes the element-wise multiplications. W j and Rj are the
input and hidden state weight matrices, and bj is the bias vector,
learned during the training process, where j ∈ {i, f, g, o}.
The dimension of ht is referred to as the number of hidden
states of the LSTM (N ). At every time step, xt is taken as
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Fig. 2. Splitting the hidden state vector computations into partial sums

input, and cell state (ct) and hidden state (ht) are computed
using (1). LSTM accelerators have small on-chip memory.
The large weight matrices R and W are stored in off-chip
memory. The dependency of ht and ct on the previous time step
computations makes the reuse of weight matrix R a challenge.
Thus the weights are accessed from the off-chip memory at
every step, resulting in sizeable off-chip memory accesses
and high energy consumption of these accelerators. This work
focuses on reducing the off-chip memory accesses of R during
the LSTM inference phase.

III. SPLIT AND COMBINE COMPUTATIONS APPROACH

In this section, we first describe the basic idea of the Split
And Combine Computations (SACC) approach and then extend
the basic approach to block-wise reuse of data.

A. Basic Approach

The computation of the ht can be expressed as shown below

ht[k] = F (St[k] + qt[k]) (2)

where F is a non-linear function. qt is computed as W ·xt+b
and its computations are independent of previous step cell
states. St[k] is the sum of N product terms as shown below,

St[k] =

N−1∑

n=0

R[k][n] · ht−1[n] (3)

St[k] can be computed as a sum of the following two partial
sums SL

t [k] and SU
t [k]

SL
t [k] =

k∑

n=0

R[k][n] · ht−1[n] (4)

SU
t [k] =

N−1∑

n=k+1

R[k][n] · ht−1[n] (5)

Equation (4) uses the lower-diagonal and diagonal elements of
R (RL), and (5) uses the upper diagonal elements of R (RU ).
As shown in Fig. 2, RL and RU are accessed in consecutive
time steps and reused in the partial sum computations of two
steps. At time step t, SU

t and ht−1 are the inputs from the
previous time step, and RL is reused to compute the partial
sums SL

t and SL
t+1. Input SU

t is added to SL
t to compute ht,

and SL
t+1 is passed to (t+1)th step computations. In the same

way, at time step t+1, RU is reused to compute SU
t+1 and

SU
t+2. Elements of RL are accessed from top to bottom, left to

right, while elements of RU are accessed in the reverse order
to satisfy the dependencies. As shown in Fig. 2, the proposed

B

B

B

Fig. 3. Partitions of R in B×B blocks and partial sum computations.

approach accesses the weight matrix R once, to compute ht

and ht+1.

B. Block-wise reuse

The proposed approach partitions R into square blocks of
size B×B, that fits in the accelerator’s on-chip memory, as
shown in Fig.3. Each block can be indexed as (r,m), where
0≤r,m≤(�N

B �−1). The proposed approach computes ht in
�N
B � steps and at each step computes a slice of length B. The

kth element of rth slice of ht can be computed as following

ht[B∗r+k]=F (

�N
B �−1∑

m=0

S(r,m)[k] + qt[B∗r+k]) (6)

S(r,m)[k]=

B−1∑

j=0

R[B∗r+k][B∗m+j] · ht−1[B∗m+j] (7)

,where 0≤k≤B−1. The summation
∑�N

B �−1
m=0 S(r,m)[k] in (6)

can be expressed as a sum of the following partial sums

�N
B �−1∑

m=0

S(r,m)[k]=

r∑

m=0

SL
t [k]+

�N
B �−1∑

m=r+1

SU
t [k] (8)

SL
t [k] uses the lower-diagonal and diagonal blocks of R (RL),

and SU
t [k] uses the upper diagonal blocks of R(RU ). The SACC

approach reuses blocks of R to compute the partial sums of
two consecutive time steps, similar to the approach described
in III-A.

Algorithm 1 describes the computations of the SACC ap-
proach. The dimensions of W , R, b, and xt are 4N×L, 4N×N ,
4N×1, and L×1, respectively. The algorithm stores the vectors
ht, ct, and the partial sum vectors (st+1) in the on-chip memory
and accesses the weights from the off-chip memory. It first
computes the vector qt as W ·x+b, at line 2 and then invokes
the procedures UPDIAGREUSE at line 4 or LOWDIAGREUSE

at line 7 at alternate time steps. LOWDIAGREUSE accesses
blocks of RL, and UPDIAGREUSE accesses blocks of RU . The
procedures have two nested loops. LOWDIAGREUSE traverses
the blocks from top to bottom (at line 13), left to the right
(at line 15), while the UPDIAGREUSE traverses the blocks in
the opposite order. The inner loop accesses the (r,m)th block
of R from the off-chip memory and reuses it to compute the
partial sums sBt+1 and sBt+2. The outer loop iterations compute
rth slices of ht+1, ct+1, and st+2. When all the blocks of the
rth row are processed, sBt+1 has the total sum, which is then
used to compute the rth slice of the vectors ht+1 and ct+1

using LSTMEQUATIONS at line 21.

Design, Automation and Test in Europe Conference (DATE 2022) 589



Algorithm 1 SACC algorithm

1: procedure COMPLSTMCELL(W ,R,b,xt+1)
2: qt+1 ← MXV(W,xt+1, 4N,L)+b
3: if (stage is even) then
4: (ht, ct, st+1)←UPDIAREUSE(R, qt, ht, ct, st+1)
5: stage ← odd
6: else
7: (ht, ct, st+1)←LOWDIAREUSE(R, qt, ht, ct, st+1)
8: stage ← even
9: end if

10: return (ht)
11: end procedure
12: procedure LOWDIAGREUSE(R, qt, ht, ct, st+1)
13: for r ← 0 to (�N

B �−1) do
14: (is, ie) ← (r·B, (r+1)·B−1), sBt+2 ← �0
15: for m ← 0 to r do
16: RB←GETDDRBLKS(R, r,m,B)
17: (hB

t , c
B
t , q

B
t ) ← GETSLICE(ht, ct, qt,m)

18: sBt+1 ← GETSLICES(st+1,m)
19: sBt+1 ← sBt+1+MXV(RB , hB

t , 4B,B)
20: if m = r then
21: (hB

t+1, c
B
t+1)←LSTMEQNS(vBx , sBt+1, c

B
t )

22: ht+1 [is : ie] ← hB
t+1, ct+1 [is : ie] ← cBt+1

23: end if
24: hB

t+1 ← ht+1 [m×B : (m+1)×B−1]
25: sBt+2 ← sBt+2+MXV(RB , hB

t+1, 4B,B)
26: end for
27: st+2 ← UPDATEVECT(st+2, s

B
t+2, r)

28: end for
29: return (st+2, ht+1, ct+1)
30: end procedure
31: procedure UPDIAGREUSE(R, qt, ht, ct, st+1)
32: for r ← (�N

B �−1) downto 0 do
33: (is, ie) ← (r·B, (r+1)·B−1), sBt+2 ← �0
34: for m ← (�N

B �)−1 downto r+1 do
35: RB←GETDDRBLKS(R, r,m,B)
36: (hB

t , c
B
t , q

B
t ) ← GETSLICE(ht, ct, qt,m)

37: sBt+1 ← GETSLICES(st+1,m)
38: sBt+1 ← sBt+1+MXV(RB , hB

t , 4B,B)
39: hB

t+1 ← ht+1 [is : ie]
40: sBt+2 ← sBt+2+MXV(RB , hB

t+1, 4B,B);
41: end for
42: (hB

t+1, c
B
t+1)←LSTMEQNS(vBx , sBt+1, c

B
t )

43: ht+1 [is : ie] ← hB
t+1, ct+1 [is : ie] ← cBt+1

44: st+2 ← UPDATEVECT(st+2, s
B
t+2, r)

45: end for
46: return (st+2, ht+1, ct+1)
47: end procedure

Both the procedures reuse the blocks of R to reduce the
off-chip memory accesses. Algorithm 2 implements the LSTM
equations using the partial sum vector.

IV. EXPERIMENTAL SETUP AND RESULTS

We have implemented LSTM layers using conventional and
proposed approaches and synthesized the design using the

Algorithm 2 LSTM Equations

1: procedure LSTMEQNS(qt+1, st+1, ct)
2: (vi, vf , vg, vo) ← ExtractV ecs(qt, B)
3: (si, sf , sg, so) ← ExtractV ecs(st+1, B)
4: for n ← 0 to B−1 do
5: i[n] ← SIGMOID(si[n] + vi[n])
6: f [n] ← SIGMOID(sf [n] + vf [n])
7: g[n] ← TANH(sg[n] + vg[n])
8: o[n] ← SIGMOID(so[n] + vo[n])
9: ct+1[n] ← f [n]⊗ ct[n] + i[n]⊗ g[n]

10: ht+1[n] ← o[n]⊗ TANH(c)[n]
11: return(ht+1, ct+1)
12: end for
13: end procedure

SDSoC framework, SDx v2018.3. The design can be configured
for different input vector lengths, on-chip buffer sizes, and
the number of hidden units. We carried out the experiments
on Zedboard, and the target frequency is 100MHz. The off-
chip memory is DDR3 connected using a 64-bit AXI bus. We
have integrated the Xilinx AXI Performance Monitor (APM)
IP to log the number of bytes transferred and memory access
latencies for DRAM accesses.

We have compared our approach with conventional ap-
proaches that access the hidden state weight matrices R at each
step from the off-chip memory. We have used the same on-chip
buffer size to store the weight matrices (4×B2) to perform
a fair comparison. The proposed approach requires additional
on-chip memory (4N+4B) to store the four partial sum and
temporary vectors. We have also compared the off-chip memory
accesses with the TSI-WR approach [8]. We have experimented
with LSTM models used in speech recognition (for TIMIT [9])
and character level Language Modelling (LM) [10]. The LSTM
models are adopted from [6], [7], [11]. Each LSTM model has 2
LSTM layers with 128, 512 and 1024 hidden units in each layer
for LM, TIMIT-512, and TIMIT-1024 models, respectively.

A. Results

1) Memory Accesses: Fig. 4a shows the proposed approach’s
reduction in off-chip memory accesses compared to conven-
tional approaches. The proposed approach reduces the memory
accesses of the R matrices by half. Total memory accesses,
including R,W , and b, for LM and TIMIT models reduce by
28% and 32%, and memory access latencies reduce by 29%
and 31%, respectively.

2) Run-time improvement: Fig. 4b shows the reduction
in run-time achieved by the proposed approach while using
comparable computing resources. We observe small execution
overhead for a short input sequence of length 4 for LM. The
proposed approach reduces the run-time by 12.8% and 16% for
LM and TIMIT models.

3) On-chip memory size: Fig. 4c shows the reduction in off-
chip memory access for different on-chip buffer sizes. The on-
chip buffer sizes used for storing the weights are 4×B2×dw,
where dw is the data bit width. The proposed approach reduces
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Fig. 5. Off-chip memory access comparison between TSI-WR and SACC
approach for two consecutive time steps.

the off-chip memory accesses by 28% and 32% for LM and
TIMIT models for different on-chip buffer sizes.

4) Comparison with TSI-WR: Fig. 5 compares the off-chip
memory accesses of the SACC and the TSI-WR approaches
using the simulation results. The performance of the TSI-WR
approach depends on on-chip buffer sizes. TSI-WR reduces
50% off-chip memory accesses when the on-chip buffer size
is 70% of the R matrix. The proposed approach reduces R’s
memory access by 50%, irrespective of the on-chip buffer size.

5) Energy Efficiency: We computed the energy consumption
using the design power reported by the Vivado synthesis tool,
execution time, and off-chip memory accesses. Fig. 4d shows
the normalized energy consumption of the conventional and the
proposed approach for TIMIT-1024. Due to the reduction in the
run-time and off-chip memory accesses, the SACC approach
reduces the energy consumption on average by 13% and 16%
for LM and TIMIT models.

V. PREVIOUS WORK

Several ASIC [11] and FPGA based accelerators [2]–[4],
[6] focused on improving the energy efficiency of LSTM
accelerators by reducing off-chip memory accesses. Some ap-
proaches [2], [3] used on-chip memory to store all the weights.
However, these approaches are not scalable. Approaches [2],
[5], [6] used the quantization and pruning techniques to com-
press the models’ size. The proposed approach is orthogonal to
the quantization techniques and can be integrated with different
quantization techniques. Han et al. [6] used pruning to compress
the model, which results in irregular network structure, and the
sparse matrix causes unbalanced load distribution.

The other line of works used the data-reuse techniques to
reduce the off-chip memory accesses. Que et al. [12] proposed
a blocking-batching scheme to reuse the weights of W on a
group of input vectors. However, the benefit of their scheme is

limited to W matrix only. Park et al. [8] proposed an approach
that reuses the R matrix’s weights for two adjacent time steps
computations. However, their approach partially reuses the
weights of R, and reuse efficiency depends on the on-chip
buffers sizes. The proposed approach reuses all the weights
of R and is effective for small on-chip memory buffers.

VI. CONCLUSION

This paper proposes a novel data reuse approach (SACC) to
reduce the off-chip memory accesses of LSTM accelerators.
The data reuse in SACC does not depend on the on-chip
buffer sizes, making it suitable for systems with small on-
chip memory. Compared to conventional methods, the SACC
approach reduces the memory access of LSTM models by
28−32% and improves the energy consumption by 13−16%.
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