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Abstract—High-level Synthesis (HLS) eases hardware design
by offering a higher level of abstraction. However, high-level
programming concepts, such as recursion, are costly to synthe-
size, if at all possible. Recursion typically relies on a dynamic
call stack, whose hardware implementation is resource-intensive
and inefficient. Existing approaches solve this issue by replacing
recursion with iteration using explicit stack arrays or by detecting
specific patterns (e.g., tail recursion) to avoid using the stack.

This paper introduces a novel technique for transforming
recursive functions into equivalent stack-free iterative implemen-
tations. Using static analysis, a recurrence relation is extracted
from the function, representing it as a sequence bounded by the
order of the relation. This relation is then used to optimize the
process of incrementalization, constructing a synthesizable, stack-
free version of the function that uses a bounded static array.

This approach is evaluated on a set of recursive benchmarks
used in prior work. It eliminates recursion from 9 out of 19
benchmarks and achieves a 2.0× performance speedup over
state-of-the-art solutions. Additionally, it removes the need for
BRAM and reduces LUT usage by 12% over prior work.

I. INTRODUCTION

Despite the wide adoption of HLS tools to program hard-
ware, HLS still lacks support for many useful high-level
programming concepts. Recursion, the backbone of many
algorithms, is generally not supported by HLS. In software,
recursion relies on the call stack to hold information needed to
continue execution. Supporting a call stack in hardware either
requires knowing the stack size ahead of time or implementing
a dynamic call stack, both of which incur a large overhead.

One interesting solution consists of refactoring recursive
functions into iterative implementations with statically-sized
arrays. Prior work includes using dynamic analysis to limit
array size [1], [2] or building efficient stack architecture [3].
Other approaches avoid the stack using tail recursion elimina-
tion or recursion unrolling [4]. These techniques share some
ideas with incrementalization [5], a process more commonly
used in software optimization, which constructs iterative ver-
sions of recursive functions using an extracted increment.

This paper proposes a novel method for optimizing incre-
mentalization by eliminating usage of a stack for a larger class
of recursive functions. The resulting functions only require a
bounded array that can be stored in a relatively small amount
of memory. This approach relies on static analysis of the
abstract syntax tree (AST) to detect recursion and extract
necessary information for the optimization. One key aspect of
this method is the extraction of the recurrence relation from the

recursive function, which is then used to find the maximum
number of intermediate results that need to be stored. This
number, called the order of the recursion/relation [6], is then
used to create a bounded array that stores minimal information.

This paper evaluates this approach on a set of 19 bench-
marks found in prior studies on supporting recursion for HLS.
As we will see, it completely removes the need for a stack for
9 benchmarks. Compared to prior work [1], [2] which generate
stack-based designs, the approach proposed leads to hardware
that is 2× faster using relatively fewer resources.

To summarize, this paper makes the following contributions:
• A more generalized incrementalization process to trans-

form recursive programs into iterative versions.
• A technique to exploit the recurrence relation to remove

the use of a stack and any resources associated with it.
• An open source tool for automatically transforming re-

cursive C/C++ into synthesizable code, evaluated on 19
benchmarks.

II. RELATED WORK

Despite the lack of support for recursion in modern HLS
tools like Vivado, Quartus, and LegUp [12], [13], a variety
of different solutions exist to tackle this problem as shown in
table I. Most solutions to this problem often rely on the use
and creation of a stack that is compatible with hardware.

One such solution is the creation and use of Recursive
Hierarchical Finite-State Machines (RHFSM) [9], [10], [14].
These state machines are able to handle stacks and use them
to execute recursive functions at the cost of extra overhead.

Another stack-based approach is found in the HLSRecurse
library [3]. This library requires programs be written using its
own embedded domain-specific language (DSL), which is then
rewritten into synthesizable code. This produces great results,
but places the effort of rewriting functions on the user.

There are also stack-free approaches to recursion, like using
Runtime Reconfiguration (RTR) [11] or Recursion Flatten-
ing [8]. Both methods aim to inline recursive calls until recur-
sion is guaranteed to complete execution. Recursion Flattening
accomplishes this using a given recursion depth, while RTR
reconfigures hardware dynamically during execution.

More recent approaches, like HeteroRefactor [2] and Het-
eroGen [1], use dynamic analysis to determine the stack size
and solve other synthesis issues. They automatically refactor
code and ease the use of HLS tools with general programs.



TABLE I: Overview of different approaches to handling recursion for hardware.

Approaches This Paper HeteroGen [1] HeteroRefactor [2] HLSRecurse [3] TreeRecur [7] Flatten [8] RHFSM [9], [10] RTR [11]

Automated Yes Yes Yes No No Yes No No

Prerequisites None None1 None DSL Code Input Size Input Size None None

Method Stack-free Stack Stack Stack Tree Stack Unrolling Stack Reconfig

Application Limited All All All Limited Limited All All

1HeteroGen requires a Vitis HLS log file, but it can automatically extract this file if connected to Vitis HLS.

1 int fib(int n) {
2 if (n <= 1) return 1;
3 return fib(n - 1) + fib(n - 2);}

Listing 1: Recursive Fibonacci function.
1 int fib(int n) {
2 int table[n] = {1,1,0,0,...};
3 for(int i=2;i<n;i++)
4 table[i]=table[i-1]+table[i-2];
5 return table[n];

Listing 2: Iterative Fibonacci function with an increment of 1.

Other stack-based approaches specialize in formatting the
stack for specific use cases, like TreeRecur [7], which uses a
tree data structure to exploit parallelism to a greater deal.

Outside of HLS, there is a depth of research into incre-
mentalization [15], [16] for software optimization. Moreover,
tools that automate this process, like CACHET [17] and Au-
toInc [18] have been developed. However, these methods still
rely on using a stack and stack-free solutions are constrained.

The method described in this paper reformulates the process
of incrementalization into the context of HLS. Moreover, using
recurrence relations, this process is improved so that stack-free
solutions are available for a broader scope of programs.

III. MOTIVATION

Consider the Fibonacci series function defined in listing 1.
To synthesize this function, it needs to be transformed into an
iterative function. This can be achieved naively by making the
call stack explicit. A more efficient approach would be to use
incrementalization/dynamic programming to find a bottom-up
solution that uses tabulation [19]. A bottom-up solution uses
an iterative loop that computes the result for the smallest sub-
problems first, i.e., the base cases, and builds up to the larger
sub-problems. Meanwhile, tabulation is the process of storing
intermediate results into a table, so they can be reused. The
bottom-up version of the Fibonacci is shown in listing 2.

However, the table array in this function is dynamically
sized as it depends on n. To fix this, a recurrence relation
is used, which describes the current result as a function of the
previous results. For the Fibonacci function the relation is:

fib(i) = fib(i− 1) + fib(i− 2) (1)

Based on the argument of each function call this equation can
be rewritten in terms of the table array as:

table[i] = table[i− 1] + table[i− 2] (2)

Since earliest value used to find table[i] is table[i − 2], the
order of the relation is i−(i−2) = 2. This means that table[i]

only ever depends the previous two values, and by induction,
this is true for any i. Since only 2 values need to be stored at
any point, the bottom-up iterative function can be optimized:

1 int fib(int n) {
2 int table[2] = {1, 1};
3 for(int i = 1; i < n; i++) {
4 table = {table[1], table[1]+table[0]};
5 return table[1];

This version is now completely synthesizable into efficient
hardware. To illustrate, for an input of n = 6, this function
has a simulation runtime of 335ns, whereas the stack-based
approach takes 1, 475ns — a 4.4× speedup!

IV. RECURSION ANALYSIS

In order to start transforming recursive functions, there are a
few steps to follow. First, the recursive functions are detected
by checking for recursive calls in the AST of the program.
Next, the functions are placed into one of two categories,

• Tail recursive functions, where the only recursive call is
the last statement, e.g., binary search.

• Non-Tail recursive functions, where the last statement is
not necessarily a recursive call, e.g., Fibonacci function.

Tail recursive functions are easily transformed using a tail
call optimization, commonly found in some HLS tools [20]–
[22], which replaces function execution with the recursive call
using goto statements or a while loop. The non-tail recursive
functions are then further divided into recurrence sequences
(section V) and divide-and-conquer functions (section VI). Be-
fore processing the functions any further, a copy-propagation
pass and constant folding are used to simplify the functions
to simplify later analysis and transformations.

V. RECURRENCE SEQUENCES

Recurrence sequences are functions defined in terms of a
sequence. Recurrence sequences in code are of the form:

1 int func(a1, a2, ..., am) {
2 if (...) {...} ... // Base Cases
3 else if (...) { ... // Recursive Body
4 int r1 = f(h_11(a_1),...,h_1m(a_m));
5 ... // Recursive Calls
6 int rk = f(h_k1(a_1),...,h_km(a_m));
7 ...
8 return g(r1,...,rm);}
9 ...} // Other Code (Possibly Recursive)

Each function ht defines the arguments of each recursive call
and, as shown later, they must be invertible. Section V-A
covers single-parameter functions, and section V-B generalizes
the process to multi-parameter functions.



A. Functions with One Parameter

These functions are of the form:

1 int f(a) {
2 if (...) {...} ... // Base Cases
3 else if (...) { ...
4 int r1 = f(h_1(a));
5 ... // Recursive Calls
6 int rm = f(h_m(a));
7 ...
8 return g(r1,...,rm);}

The first step is using simple incrementalization. This au-
tomated transformation produces a dynamic array to store
intermediate results and a loop with an increment of 1 to find
every value needed. This results in the following function:

1 int f(a) {
2 int table[a];
3 table[0],...,table[b] = ...; // Store Base Cases
4 for (int i=b; i <= a; i++) {
5 if (...) {...} ...
6 else {
7 int r1 = table[h_1(i)];
8 ...
9 int rm = table[h_m(i)];

10 ... // Add new result to table
11 table[i] = g(r1,...,rm);}
12 return table[a];

To synthesize this function, the table array needs to be
statically bound. The first step to achieving this is extracting
the recurrence relation of the function in terms of the array
table. The table form of this relation is:

table[i] = g(table[h1(i)], ..., table[hm(i)]) (3)

If the functions ht(i) only subtract i by a constant then:

table[i] = g(table[i− k1], ..., table[i− km]) (4)

In this case, the array is simply bounded by kmax (the largest
kt), since only the last kmax values need to be remembered.

However, when other operations are involved, this bound
can be difficult to find. To solve this problem, the values
stored in the array need to be changed such that each ht(i)
is reformulated into the form i − kt. This can be accom-
plished by changing the loop update (i++). To illustrate, if
table[i] = g(table[ i2 ], table[

i
4 ]), the only values used are

{a, a
21 ,

a
22 , ...}. If the loop update is changed to i ∗ 2 then,

instead of storing every value {b, ..., a}, the values stored in
the array are {b, b ∗ 2, b ∗ 22, ...} (assuming b is the base
case). So to access table[ i2 ] under this context, table[i − 1]
can be used. This means that the relation is now table[i] =
g(table[i− 1], table[i− 2]) and the array can be bounded.

To generalize this, first assume there are only two recursive
calls with two functions h1(i) and h2(i). One way of refor-
mulating these functions is finding a function S(i) that can
define both. To explain, this function S should first satisfy:

h1(i) = S(k1)(i) (5)

h2(i) = S(k2)(i) (6)

Here S(kt) denotes applying S to i repeatedly kt times.
Given S, the next step is defining the update for i. Since

both functions h1 and h2 only use compositions of S, only
values found by repeatedly applying S need to be stored, i.e.,
{..., S2(i), S(i), i}. This array stores all the values needed for
the recursion; however, it is defined backwards relative to i (the
latest value). To go forward and update i, the opposite needs
to be done. As such, the update for i should be the inverse of
S, which also means the functions ht must be invertible.

Now, the array table only contains values defined by S−1.
As such, with h1(i) = S(k1)(i), the entry table[h1(i)] is now
−k1 positions from i and table[h1(i)] should be substituted
with table[i − k1]. The same can be done with table[h2(i)]
and k2, so the array can again be bounded by kmax.

All this leads to the critical step: finding this function S(i).
As mentioned previously, this function S must define the
both functions h1 and h2. In other words, h1 and h2 can
be constructed using repeated applications of S as shown in
eq. (5) and eq. (6). For example, if h1(i) = i/2−1

2 − 1 and
h2(i) =

i
2 − 1, then S(i) = i

2 − 1 results in h1(i) = S(2)(i)
and h2 = S(1)(i). Using this information, there are a variety
of methods (solvers, AST analysis, etc.) of finding S.

This process is then generalized to handle functions with
more than two recursive calls. In general, for all the functions
h1, ..., hm across each recursive call, this must be true:

ht(i) = S(kt)(i) t ∈ {1, ...m} (7)

The function S only exists if it is able to define each function
h1, ..., hm. The values of kt can then be found for each
function ht and the inverse of S can be used as the update for i.
The bound kmax is found and applying these transformations
to the original incrementalized function produces:

1 int f(a) {
2 int table[k_max] = ...; // Store Base Cases
3 table[0],...,table[b] = ...; // Store Base Cases
4 for (int i=b; i <= a; S_inv(i)) {
5 if(...) { ...
6 int r1 = table[-k_1];
7 ... // Recursive calls
8 int rm = table[-k_m];
9 ...

10 shift(table); table[k_max-1] = res;}}
11 return table[k_max-1]}

This function is now synthesizable as it has no recursion and
a statically sized array. Note, for recursive calls involving
division, S_inv(i) may not be enough to recover the true
value of i due to truncation/rounding. In such cases, the
function S can be looped to find i. For example, if the original
parameter is a = 15, i = 1 and S(i) = i

2 . Then the update
i = S(2)(15) = 15

4 = 3 is used to avoid the truncation error.

B. Functions with Multiple Parameters

These functions are of the form:

1 int f(a1,...,az) {
2 if (...) {...} .... // Base Cases
3 else if (...) { ...
4 int r1 = f(h_11(a1), ..., h_z1(az));
5 ...
6 int rm = f(h_1m(a1), ..., h_zm(az));
7 ...
8 return res;}}



The bottom-up incrementalized version looks like this:

1 int f(a1,...,az) {
2 int table[a1, ..., az] = ...;
3 for (int i1=b1; i < a1; i1++) {
4 ... // For loops for each parameter
5 for (int iz=bz; i < az; iz++) {
6 if (...) {...}
7 else if (...) {...
8 int r1 = table[h_11(i1),...,h_z1(iz)];
9 ... // Access previous results

10 int rm = table[h_1m(i1) ...,h_zm(iz)];
11 ...
12 table[i] = res;}}}
13 return table[a1]...[az]

This function still uses a dynamic array/stack to hold inter-
mediate values. This version of the problem is solved by
dividing the process into multiple single parameter cases and
the method in the previous section is used on each case. To
accomplish this, the functions htp are separated based on their
corresponding parameter (based on each dimension in the
array), producing the lists {h11, ..., h1m},..., {hz1, ..., hzm}.
The process in section V-A is then repeated on each list of
functions {hp1, ..., hpm}. Each list will have its own incre-
ment, defined by an inverse function S−1

hp
, and a position kpt

for the functions {hp1, ..., hpm}.
Next, each array access table[h1t(i1), ..., hzt(iz)] must be

reformulated to be of the form table′[i′ − kt], where table′ is
a one dimensional array. This means each array access needs
a unified position kt. The functions are grouped based on ar-
ray access forming the sets {h11, ..., hz1},..., {h1m, ..., hzm}.
Each function in the list {h1t, ..., hzt} has its own position
k1t, ..., kzt. The position of the array access kt only exists if
all the positions are equal, then kt = k1t = ... = kzt.

Next, the incremental loop is constructed. A counter tracks
the iterations and the intermediate value of each parameter is
found using its corresponding increment (S−1

h1
, ..., S−1

hz
). The

starting values of each parameter are found using the number
of iterations and the non-inverted functions Sh1 , ..., Shz . The
total number of iterations is the minimum number of times
Sh1

, ..., Shz
can be applied on the original parameters until a

base case is reached. Combining all this, the new function is:

1 int f(a1,...,az) {
2 int table[kp] = ... ; // Store Base Cases
3 int num_iter_a1= find_iter(a1, conds_1, S1_inv);
4 ... // Find number of iterations
5 int num_iter = min(num_iter_a1,..., num_iter_az)
6 int a1_val = repeat(S1, input=a1, num=num_iter)
7 ... // Find all initial values
8 for (int i=0; i < num_iter; i++) {
9 if (...) {...

10 else if (...) {...
11 int r1 = table[k_1];
12 ...
13 shift(table); table[kp] = res;}
14 a1_val = S1_inv(a1_val);
15 ...} // Update all the parameters
16 return table[kp];}

With the previous section, this covers a wide scope of recursive
functions and produces iterative, hardware synthesizable code.

n/4 n/4 n/4 n/4

n/2 n/2

n

1st

2nd

3rd

execution
order

Fig. 1: Bottom-up execution order.

VI. DIVIDE-AND-CONQUER

The divide-and-conquer functions supported are of the form:

1 void divconq(data, int start, int end) {
2 if (end-start <= n0) {...} // Base Cases
3 else { ... // No changes to data
4 divconq(data, start, start+k)
5 ... // Other Recursive Calls
6 divconq(data, start+n∗k, end)
7 ...}} // Remaining Statements

Here, data is compound data (array, string, etc.), and start and
end are the indices of its beginning and end. In this code, n0 is
the maximum size for base-case subproblems. The transforma-
tion for these functions is based on a bottom-up approach that
executes every smaller problem before increasing the problem
size as shown in fig. 1. This leads to the following constraints:

1) The function must have no return value.
2) The recursion is not generative.
3) There must be one compound data parameter and two

indices pointing to the start and end of this data.
4) Divided into disjoint sub-problems of the same size.

The first constraint ensures no dynamic memory is needed
(not HLS supported), otherwise all the intermediate results
(up to log(end− start)) need to be stored during the bottom-
up execution. The second constraint states that the recursion
cannot be generative. Generative recursion is recursion where
the behavior of the function changes based on run-time infor-
mation, e.g., the pivot in Quicksort. The recursive calls in these
functions cannot be statically analyzed making it incompatible
with this approach. The last two constraints simplify the
analysis and transformation. Given these constraints hold, the
function can be transformed.

In the function, the original problem size is n = end−start.
The first function call produces k sub-problems of size n

k , and
each sub-problem produces k calls of size n

k2 . This continues
and if the function has a recursion depth of d = ⌊logk(n)⌋ −
⌊logk(n0)⌋, there are kd base cases. The recursion depth is
the number of recursive calls until the base case is reached.

The first step is to execute all the kd base cases of size n0.
This means executing every non-overlapping combination of
start and end of size n0. This is accomplished by extracting
the function body, removing the recursive calls, and wrapping
it in a loop that iterates through the base cases.

After completing the loop, the size of the sub-problem can
be increased to n0 ·k. The same steps are repeated, except the
loop now iterates through problems of size n0 ·k. This process
is repeated for each problem size until the final loop is iterates
over the original size of n0 ·kd = n. In all the cases, removing
the recursive calls is possible since every recursive call/sub-
problem is already executed due to the bottom-up approach.



TABLE II: Resource Usage across all approaches and benchmarks

HeteroRefactor [2] HLSRecurse [3] This Approach

Type Benchmark LUT FF BRAM Freq LUT FF BRAM Freq LUT FF BRAM Freq

Tail Binary Search NS: Pointer-to-Pointer Error Synthesis Error 604 304 0Kb 189
GCD 2,963 2,744 162Kb 333 2,222 2,518 54Kb 386 2,009 2,385 0Kb 531

Recur- Factorial 1,057 196 126Kb 154 448 160 18Kb 229 268 136 0Kb 215
Seq Fibonacci 1,218 231 162Kb 268 725 214 72Kb 410 273 168 0Kb 530

Modified Fibonacci 1,790 336 198Kb 184 974 245 90Kb 319 1,142 973 0Kb 529
List Sum NS: Pointer-to-Pointer Error Synthesis Error 325 174 0Kb 382
Ackermann 1,548 150 234Kb 263 610 176 54Kb 410 NP: Non-primitive Recursion

Divide- MS NS: Pointer-to-Pointer Error Synthesis Error 2881 2,008 36Kb 142
and- MS-Ternary NS: Pointer-to-Pointer Error Synthesis Error 5203 2985 48Kb 143

Conquer QuickSort1 NS: Pointer-to-Pointer Error 1,216 439 90Kb 258 NP: Generative Recursion
HeapSum (HS)1 NS: Pointer-to-Pointer Error 976 147 72Kb 137 989 763 0Kb 202
TiledMM1 Transformation Error 2,793 818 108Kb 118 NP: Does not Follow Constraints
FFT1 Transformation Error 3,507 2,832 180Kb 117 NP: Does not Follow Constraints
MISER1 Transformation Error 11,082 5,298 216Kb 109 NP: Generative Recursion
Strassen 16,351 7,257 1,944Kb 137 NP: Uses Dynamic Memory NP: Generative Recursion

Back- AC 11,827 4,502 1,944Kb 146 NP: Uses Dynamic Memory NP: Algo cannot be Bottom Up
tracking DFS 3,143 903 360Kb 146 NP: Uses Dynamic Memory NP: Algo cannot be Bottom Up

Sudoku NS: Pointer-to-Pointer Error Synthesis Error NP: Generative Recursion
LinkedList 6,959 2,775 756Kb 146 NP: Uses Dynamic Memory NP: Algo cannot be Bottom Up

∗Frequency (Freq) is in MegaHertz (MHz). ∗NS = Not Supported ∗NP = Not Possible using this method
1Synthesized in Vivado HLS 2018.1

Combining all these steps results in the following loops:

1 for (int i = init_start; i < n; i = i + n0) {
2 start = i; end = min(i + n0, n);
3 if (end-start <= n0) {...} // Base Cases
4 else { ...}} // No Recursive Calls
5 ... // For loop for every size
6 for (int i = init_start; i<n; i = i + n0 * k**d) {
7 start = i; end = min(i + n0*k**d, n);
8 if (end-start <= n0) {...} // Base Cases
9 else {...}} // No Recursive Calls

These loops have the same structure, with the only change
being the problem size n0 ∗ kp going from p = 0 to p = kd.
As such, a loop fusion optimization is used to produce:

1 void divconq(x, ..., start, end) {
2 init_start = start; n = end-start;
3 recursion_depth = log(n, k);
4 for (int p = 0; p < recursion_depth; p += 1) {
5 for (int i=init_start; i<n; i=i+n0*(k**p)) {
6 start = i;
7 end = min(i + n0 * k**p, n);
8 if (end - start <= 1 && ...) {...}
9 else {...}// With No Recursive calls

The implementation includes a few extra lines for variable
management that are omitted for brevity. This function is stack
and recursion free, leading to synthesizable hardware.

VII. EXPERIMENTAL SETUP

A. Benchmarks

The approach in this paper is compared against two state-of-
the-art prior works, HeteroRefactor [2] and HLSRecurse [3].
They are tested on a collection of 19 benchmarks, some of
which were used in prior work [1]–[3]. Of these, Modified
Fibonacci and Ternary Mergesort (MS) are synthetic and used
to show generalizability. This method correctly synthesizes 9
benchmarks and all the results are reported in table II. Bench-
marks marked as NP (not possible) are not synthesizable using

the specific tool’s methodology, either due to synthesis issues
(e.g., dynamic memory) or method restrictions. Benchmarks
marked as NS (not supported) should be synthesizable, but a
bug or lacking implementation causes failure.

B. Environment and Implementation Details

This approach is implemented in C++ and uses ROSE [23]
to translate programs into ASTs. The Python solving library
SymPy [24] is used as a solver. The resulting code is synthe-
sized and simulated using Vitis HLS 2022.2, or using Vivado
HLS 2018.1 in the case of bugs for the other approaches. The
designs are targeted to a Xilinx Virtex Ultrascale+ XCVU11P
FPGA with a frequency of 1000 MHz. The LUT, FF, and
BRAM (in Kilobits) usage is reported, while DSP usage is
omitted as it is constant across approaches. The run-times of
this approach and HeteroRefactor are also omitted as they only
take a few seconds. The implementation of this work covers a
limited, simpler version of the method presented in this paper,
where only subtraction and division are considered as valid
updates for the arguments of a recursive call. The code for the
implementation and benchmarks is available as open-source1.

VIII. EVALUATION

A. Coverage

As seen in table II, the implementation of this approach
successfully transforms 9 out of the 19 benchmarks. The Ack-
ermann function contains nested recursive calls and is a non-
primitive recursive function (cannot be computed using ”for”
loops). Tiled Matrix Multiplication and Fast Fourier Transform
both do not fall within the divide-and-conquer constraints,
but future work and further research can look into making
incrementalization possible. Depth-first search and linked list

1https://github.com/AdamMoMu/RecRel RecElim

https://github.com/AdamMoMu/RecRel_RecElim
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cannot be implemented bottom-up as it completely changes
the algorithm (Aho-corasick’s helper functions have the same
issue). The other functions are generative and cannot be
incrementalized. In practice, HeteroRefactor (or another tool)
can be used as fallback for any unsuccessful transformation.

Of the other methods, HeteroRefactor had some transfor-
mation and synthesis errors, mostly due to adding pointers to
pointers into programs which are non-synthesizable constructs.
HLSRecurse programs resulted in correct code when executed
in software, but faced synthesis errors for some functions
that operate on arrays. Some benchmarks are also exclusively
synthesizable by HeteroRefactor, due to its ability to handle
other synthesis issues (e.g., dynamic memory).

B. Resource Usage and Clock Frequency

We turn our attention to the results of the synthesis in
table II. The designs generated using this method use 0Kb
of BRAM, with the exception of Mergesort allocating BRAM
to a helper function. Consequently, this approach avoids any
out-of-memory errors related to recursion.

Figure 2 shows the percent usage of the resources, com-
paring this work to the best-performing design among Het-
eroRefactor and HLSRecurse. BRAM usage is omitted as it
is constant for this paper and input dependent for the other
approaches. In this approach, the stack is substituted by a small
array, so FF (Flip-Flop) usage increases by 35% as reflected
in fig. 2. However, this is a side-effect of recursive calls with
a division operation, and in the other cases, there is actually
a decrease in FF usage. Moreover, due to the absence of a
stack, we also see a 12% decrease in LUT usage and 45%
increase in clock frequency. Overall, the method in this paper
accomplishes its goal of removing BRAM usage, while not
heavily impacting other resource usage.

C. Performance

The simulation runtime is shown in fig. 3 and the speedup
over the fastest result is reported in fig. 4. This approach
outperforms the other approaches on all their common bench-
marks, showing an average speedup of 1.6× for small inputs
and 2.0× for large inputs. Moreover, due to the bottom-up
approach, as the input gets larger, the speedup gets larger, as
other approaches require exponentially more recursive calls.

IX. LIMITATIONS AND FUTURE WORK

This paper introduces a novel method for optimizing in-
crementalization for HLS. However, this method is limited
in scope and there are still optimizations to be made (large
FF usage). Specifically, for divide-and-conquer functions (sec-
tion VI), only the first two constraints mentioned are necessary.
Further research into and improvements to incrementalization
could help broaden the scope of this work. Moreover, combin-
ing ideas from this paper with other work, like the dynamic
analysis in HeteroRefactor, could also prove beneficial. In
addition, the methods in this paper could be adapted and
applied to non-HLS fields. Finally, while this paper gathered
a set of benchmarks, HLS recursion benchmarks are still
lacking. Further work is needed to develop more standardized
benchmarks that cover a greater scope of recursive functions.

X. CONCLUSION

Recursion is a popular method for algorithm design, as
such increasing support for recursion in HLS makes hardware
design easier to adopt. This paper has shown that transforming
recursive functions into stack-free iterative versions is not lim-
ited to tail recursion. It has proposed new methods that tackle
a wider scope of recursive functions and produce efficient,
synthesizable, stack-free code. The approach has been tested
on a common set of benchmarks, reaching a speedup of 2.0×
when applicable, and substantially better scalability.
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