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The end of Moore’s law and Dennard scaling emphasizes the need for application-specific computing archi-
tectures to achieve high resource and energy efficiency and real-time performance. The concept of a silicon
compiler remains an enduring aspiration for design time reduction. In order to generate hardware implementa-
tions at register transfer level from behavioral descriptions, design automation tools must address challenging
and interdependent problems, including allocation, scheduling, and binding. Additionally, manual intervention
by the user is necessary to balance the resources vs. performance trade-off via, for example, function inlining
or loop unrolling/pipelining. Existing approaches typically solve these problems sequentially, compromising
optimality in favor of simplicity and run-time. Here we show how to model the whole model-based design
flow as one holistic integer linear programming (ILP) formulation aiming at consistently deriving the optimal
microarchitecture for any given application. Incorporating clock gating minimizes the number of useless
operations with negligible resource overhead (if any), while always guaranteeing optimal throughput. The
unified nature of the proposed ILP model enables implementations unmatched by state-of-the-art approaches
in terms of resource efficiency and measured power consumption. These results facilitate a streamlined design
flow for highly optimized embedded systems in the context of model-based design.
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1 INTRODUCTION
Software-based implementations of complex embedded systems regularly fail to meet high standards
for resource efficiency, energy consumption, or latency and real-time requirements. To harness
computing power effectively, a trend to increasingly specialized hardware implementations can be
seen (e.g., a specialized ASIC for Transformer inference [21]). This necessitates intricate register-
transfer-level (RTL) descriptions to take advantage of the full potential for energy efficiency and
parallel execution. The manual development of RTL code, compared to software design, proves
to be a complex and costly task. It is prone to errors and challenging to simulate and debug.
Consequently, the adoption of electronic design automation (EDA) concepts becomes imperative to
meet expectations in terms of time-to-market and quality.
Decades of research [14, 25, 30, 36] have been dedicated to the automatic transformation of

high-level software languages into hardware, paving the way for C-based high-level synthesis
(HLS). This method involves synthesizing C/C++/SystemC software descriptions into hardware that
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replicates the same functionality as the software. HLS, owing to its benefits in quick design-space
exploration (DSE), is extensively employed in rapid prototyping and FPGA applications [32, 51].
In parallel, model-based design frameworks, such as MathWorks Simulink HDL Coder, Intel

DSPBuilder for FPGAs, and AMD Vitis Model Composer, have become industry standards. These
tools facilitate system designers throughout the modeling, implementation, simulation, and testing
processes, enabling the realization of more complex designs and reducing time-to-market [50].
While contemporary C-based HLS tools can produce hardware on par with manually coded

RTL descriptions [30], commercial model-based hardware design tools lag [46], and there are no
academic tools available.

The decision to implement an application in custom hardware stems from diverse requirements,
often boiling down to two options:

(1) Implementing the fastest possible circuit (possibly under tight resource constraints).
(2) Implementing the smallest/most efficient circuit to achieve a pre-defined throughput.

Current approaches predominantly focus on the former, generating the fastest circuit from the
given input description [40]. However, what if system constraints limit useful throughput, such as
a fixed data rate from external sensors? In such cases, pursuing higher speed alone may result in
energy or resource wastage.
An emerging demand for energy-efficient circuits in both embedded and high-performance

computing applications has become evident. This demand, driven by factors like increased bat-
tery lifetime and economic considerations, is not fully addressed by current automatic hardware
generation approaches, which predominantly focus on the "resources vs. performance" trade-
off [10, 22, 39, 40, 45]. We aim to bridge this gap with the following contributions:

(1) Formalizing the model-based design flow in a holistic integer linear programming (ILP) model
for the combined optimization of allocation, scheduling, binding, port assignment, and clock
gating targeting FPGAs (Section 4).

(2) Providing a comprehensive experimental evaluation demonstrating that our proposed ap-
proach can handle practical problem sizes. Our algorithm is able to reduce resource and
power consumption in resulting FPGA implementations without any performance degrada-
tion (Section 5).

Whether one seeks to implement the fastest circuit under tight resource constraints or the smallest
circuit to achieve a defined throughput, our proposed approach can generate highly optimized
hardware implementations from model-based input descriptions. If an automated procedure always
provides the optimal hardware implementation of an algorithm for a given application, are design
space explorations even necessary anymore?

2 MOTIVATIONAL EXAMPLE
Consider the example Simulink model in Fig. 1. It shows a simple PID controller. Suppose that
it shall be integrated into a more complex embedded system running at 200MHz (e.g., due to a
memory interface running at that specific frequency). Inputs and outputs are connected to streaming
interfaces, but the input is driven by an analog/digital converter (ADC) with a sample rate of 50MHz
(i.e., one new data sample every four clock cycles). In that case, the most sensible choice is to
implement the PID controller with an initiation interval (II) of four. This means that the hardware
is optimized such that it is able to accept new input data and to generate new output data every
four clock cycles. Even if resource constraints would allow for a more parallelized implementation
(e.g., II = 2 or even a fully parallel version with II = 1), there would be no benefit as the ADC would
still be the bottle neck regarding throughput.
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Fig. 1. Example Simulink model: a PID controller

Table 1. Example operator latencies

Type: Add Subtract Multiply
Latency [clock cycles]: 2 2 3

The two delay components in Fig. 1 (i.e., Delay_D and Delay_I) operate on a sample-level, which
means that they represent a delay by four clock cycles, each. For efficient arithmetic operator
implementations, an operator library (e.g., FloPoCo [18]) is usually used. In order to reach the
target frequency, it is often necessary to pipeline the operators, leading to a latency regarding their
input/output relationship. Example values for operator latencies are given in Table 1.

It suffices to allocate one operator per operator type due to II = 4. Consequently, the implemented
multiplier must be used four times to execute the four multiplication operations shown in Fig. 1
(i.e., Mult_1. . .Mult_4), the adder must be used three times and the subtracter is used once per data
sample processed. In general, all operator types 𝜔 ∈ Ω limit the minimum achievable II via [43]

II⊥res = min
𝜔∈Ω

⌈
|𝑂𝜔 |
𝐹 (𝜔)

⌉
(1)
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where II⊥res is the minimum II caused by operator constraints; 𝐹 (𝜔) are the allocated hardware units
of type 𝜔 ; and 𝑂𝜔 is the set of operations to be executed by an operator of type 𝜔 . In this example,
the multiplication operations limit II⊥res = 4, as |𝑂mult | = 4 (four different multiplication operations)
and 𝐹 (mult) = 1 (one multiplier to be implemented in hardware).
This relationship can be deduced from the fact that one operator can only start to execute at

most one new operation per clock cycle. This is can be expressed as [38]

|{𝑜𝑖 ∈ 𝑂𝜔 : 𝑡𝑖 mod II =𝑚}| ≤ 𝐹 (𝜔) ∀𝜔 ∈ Ω,𝑚 ∈ [0, II). (2)

Here, 𝑜𝑖 ∈ 𝑂𝜔 are all operations that must be executed by an operator of type 𝜔 with limited
availability 𝐹 (𝜔); and 𝑡𝑖 is the clock cycle in which 𝑜𝑖 is executed.
It is self-evident that data dependencies must be met when choosing execution times 𝑡𝑖 for all

operations. For example, Add_1 can only begin its execution when results for Mult_1 and Mult_2
are available. Formally, this constraint is expressed as [6]

𝑡 𝑗 − 𝑡𝑖 ≥ 𝐿(Υ(𝑜𝑖 )) − 𝑑𝑖, 𝑗 · II ∀𝑒𝑖, 𝑗 ∈ 𝐸. (3)

𝐸 is the set of all edges (i.e., data dependencies) in the model; 𝑑𝑖, 𝑗, represents the edge weight (i.e.,
the algorithmic distance on that edge); 𝐿(𝜔) is a function which returns the latency of an operator
of type 𝜔 ; and Υ(𝑜𝑖 ) returns the operator type associated with operation 𝑜𝑖 . For example, Sub’s
subtract input depends on the Input value from the last sample. Therefore, the corresponding
value for 𝑑𝑖, 𝑗 is one. Cyclic data dependencies (e.g., Add_2 for sample 𝑛 depends on the value for
Add_2 at sample 𝑛 − 1) limit the II via [6]

II⊥rec = min
cycle∈𝐺


∑

𝑒𝑖,𝑗 ∈cycle
𝐿(Υ(𝑜𝑖 ))∑

𝑒𝑖,𝑗 ∈cycle
𝑑𝑖, 𝑗

 . (4)

Here, the term cycle refers to a series of edges forming a closed loop.
In order to prevent excessive chaining of operations with a latency of zero and a propagation

delay greater than zero nanoseconds, Oppermann et al. introduced the concept of dedicated chaining
edges [38]. These edges are added to the graph prior to scheduling so the scheduler can determine
an optimal chaining-aware schedule. In order to support chaining edges, the dependency constraint
is changed to

𝑡 𝑗 − 𝑡𝑖 ≥ Δ(𝑒𝑖, 𝑗 ) − 𝑑𝑖, 𝑗 · II ∀𝑒𝑖, 𝑗 ∈ 𝐸. (5)

with

Δ(𝑒𝑖, 𝑗 ) =
{

1 𝑒𝑖, 𝑗 ∈ 𝐸𝑐 (i.e., 𝑜𝑖 &𝑜 𝑗 are not chainable)
𝐿(Υ(𝑜𝑖 )) 𝑒𝑖, 𝑗 ∉ 𝐸𝑐

(6)

where 𝐸𝑐 ⊂ 𝐸 represents the set of all chaining-related edges added during pre-processing. Note
that the work by Oppermann et al. [38] does not distinguish these additional edges from the original
ones since that work is solely concerned with solving the modulo scheduling problem. In this work,
however, edges are also used for, e.g., binding decisions and lifetime register counting, so we must
differentiate between original edges (for data transfers between operations) and chaining edges
(only used to compute an optimal chaining-aware schedule).

Table 2 shows a possible schedule for all operations that adheres to the operator latencies given
in Table 1 and to operator and dependency constraints given in (2) and (3), respectively.
Scheduling times for constants can be omitted as they are hard-wired in the final hardware

implementation and hence their values do not change over time. It can be seen that a new multi-
plication operation starts in each time slot modulo II. Therefore, the multiplier executes a useful
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Table 2. Example schedule for the Simulink model shown in Fig. 1

Operation clock cycle mod 4

Input 0 0
Output 10 2

Add_1 5 1
Add_2 3 3
Add_3 8 0

Sub 0 0

Mult_1 2 2
Mult_2 3 3
Mult_3 0 0
Mult_4 5 1

operation in each clock cycle. The adder, however, is not used to capacity. It only performs a useful
operation in three out of four clock cycles. If no additional counter measures are taken for its
hardware implementation, it might still get new, meaningless input data, the internal logic gates
produce switching operations, and dynamic power is wasted. The situation is even more extreme
for the subtracter. It only performs one useful operation within four clock cycles. Hence, 75 % of its
switching activity is caused by useless operations. These situations can be avoided by integrating
clock gating into the synthesis procedure: the clock signal is disabled in exactly those clock cycles
in which otherwise useless operations would be performed. Since arithmetic operators on FPGAs
are usually deeply pipelined to reach high clock frequencies, savings are two-fold: (i) internal
pipeline registers do not toggle, and (ii) the combinational logic to perform the operations also
does not switch. This reduces overall switching activity and, thus, also the circuit’s dynamic energy
consumption.
Note that, depending on the chosen back end, converting the clock gating into clock enables

might prove beneficial (e.g., for timing closure). In such cases, our model can also be used to obtain
optimal solutions. However, when clock enables are used, the number of clock domains is not a
limiting factor anymore, so each allocated functional unit can get its unique “virtual clock domain”
with a unique enable-pattern.

3 THE IMPLEMENTATION OF MODULO SCHEDULED CIRCUITS
Figure 2 shows the microarchitecture of the implemented systems. It consists of (i) inputs and out-
puts, (ii) a collection of operators with connected lifetime registers, (iii) a MUX-based interconnect
network, (iv) a counter to control the data flow, and (v) clock buffers with decoders for the counter
value at their enable-inputs. Note that it is important to drive these clocks glitch-free in order to
avoid unwanted clock pulses. This can, for example, be achieved by using BUFGCE instances avail-
able on AMD FPGAs [2]. Furthermore, we do not need to implement any clock-domain-crossing
hardware such as first-in-first-out (FIFO) buffers, since all internal clocks are derived from one
master clock (called clk in Fig. 2) and the influence from any resulting clock skew can be accounted
for by the synthesis tool (e.g., by inserting additional clock buffers during synthesis). Alternatively,
modern synthesis tools like AMD Vivado or Intel Quartus also support clock enable conversion in
which gating logic is automatically converted to enable logic for the respective registers. In such
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MUX-based interconnect networkCounter

FU1 Outputs

Inputs

ROM

clk

ROM

FUN

Fig. 2. Microarchitecture: thin lines represent 1-bit signals and thick lines represent data buses; the triangle-
shaped blocks driving FU clocks are clock buffers with enable-inputs

cases, the clock buffer in Fig. 2 should be replaced by a simple AND-gate for automatic detection
and conversion [1, 28].

Inputs and outputs are implemented as a streaming interface. We expect the surrounding circuit
to provide a steady stream of input data at the correct data rate, defined via the system’s II.
Simultaneously, the system generates output data with the same data rate, delayed by the system’s
schedule length. Again, we expect the surrounding circuit to be able to accept that data stream.
The operators are implemented and their characteristics (e.g., latency and resource costs for a

given back end/operating frequency) are defined by an external operator library. In our experi-
ments, we use the open-source framework FloPoCo [18], but in general, the proposed algorithm is
compatible with any given operator library. The lifetime registers are able to store the produced
variables until all operations depending on them are started. Register sharing is applied whenever
possible, as shown in Fig. 3.
The interconnect network is based on Multiplexers (MUX). In each clock cycle, they pass the

correct variables to the operators, controlled by the program counter, which is implemented as
a simple modulo-II counter. In cases where multiple MUX inputs are passed to an operator in
different time slots modulo II, the respective MUX ports can be shared via a decoder on the select
input, as illustrated in Fig. 4.

The clock buffers are controlled by the program counter and a decoder (e.g., implemented using
a look-up table). Their purpose is to turn off operators whenever they are not needed due to the
scheduling and binding in order to reduce dynamic power consumption. Suppose that an operation
is started and not yet finished on any given operator and its clock is turned off. In that case,
the operation’s latency increases by the number of clock cycles the operator is turned off before
the operation traversed the entire operator pipeline. Hence, the clock gating must be compatible
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(a) Without register sharing, 13 registers total
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(b) With register sharing, 6 registers total

Fig. 3. Register sharing example, illustrated via Simulink blocks
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(a) Without MUX port sharing
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1
LUT

1-D T(u)

Mux

0

1

X1

X2

(b) With MUX port sharing

Fig. 4. MUX port sharing example, illustrated via Simulink blocks

with the scheduling and binding such that dependencies between operations are not violated. We
therefore handle all these decisions together in a unified ILP model as described in Section 4.2.

3.1 Problem Definition
With the aforementioned architecture in mind, there are several degrees of freedom that not only
influence each other but also affect throughput, latency, resources and energy consumption of the
resulting implementation.

As a reference for the forthcoming problem description, Tables 3–6 show the parameters, upper
bounds, functions, and outputs of the combined allocation, modulo scheduling, binding, port
assignment, and clock gating problem (ASBPC-P). We use the following notations:
• Sets and lists are denoted via curly brackets: {. . .}.
• The set of all natural numbers without zero is denoted as N.
• The set of all natural numbers including zero is denoted as N0.
• The set of all real numbers is denoted as R.
• The set of all non-negative real numbers (including zero) is denoted as R≥0.
• Intervals including their min/max values are denoted by square brackets: [. . .].
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Table 3. Parameters of the ASBPC-P; it should be noted that—depending on the problem at hand and the
optimization criteria—not all parameters must be provided simultaneously

Name Domain Explanation

II ∈ N Initiation interval
#𝐶 ∈ N Number of available clock domains
Res = {LUTs,DSPs, . . .} Set of all low-level resource types
𝑟 ∈ Res A specific low-level resource type
Ω = {+,−,×, . . .} Set of all operator types
Ω̌ ⊆ Ω Set of all commutative operator types
𝜔 ∈ Ω A specific operator type
𝐺 = {𝑂, 𝐸, 𝐷} Data flow graph
𝑂 = {𝑜0, 𝑜1, . . .} List of all operations (i.e., vertices in 𝐺)
𝑂𝜔 ⊆ 𝑂 List of all operations that can be executed by an operator

of type 𝜔 (i.e., 𝑂𝜔 = {𝑜𝑖 ∈ 𝑂 : Υ(𝑜𝑖 ) = 𝜔})
𝐸 ⊆ 𝑂 ×𝑂 List of all precedence relations (i.e., edges in 𝐺)
𝑒𝑖, 𝑗 = (𝑜𝑖 , 𝑜 𝑗 ) ∈ 𝐸 A specific edge, represented by a tuple
𝐸𝑐 ⊂ 𝐸 List of all chaining-related edges that were added during

pre-processing
𝐷 = {𝑑𝑖, 𝑗 : 𝑒𝑖, 𝑗 ∈ 𝐸} List of all edge weights

Table 4. Bounds for the ASBPC-P

Name Domain Explanation

SL ∈ N0 Schedule length limit (upper bound)
𝑅 ∈ N0 Lifetime register limit (upper bound)
𝑃 ∈ N0 Multiplexer input port limit (upper bound)
𝑆 ∈ R0 Clock gating energy savings limit (lower bound)

• Unless specified otherwise, an interval represents only the integers within the given bounds,
e.g., [1, 3] = {1, 2, 3}.
• Intervals excluding min/max values are denoted by round brackets, e.g., [1, 4) = [1, 3].

A common technique to achieve a given target frequency is pipelining. This means that the
operator library influences the achievable II in presence of recurrences in the model, if operations
in cycles are associated to pipelined operators. As an example consider again Add_2 in Fig. 1. The
recurrence has a distance of one (due to Delay_I) and a delay equal to Add_2’s number of pipeline
stages. Following from (4), II ≥ #pipeline stages of Add_2.
The allocation defines the number of operators implemented for each operator type. Since an

operator can execute at most one operation per clock cycle, a fixed allocation also defines a lower-
bound for the achievable II. Considering again the example model in Fig. 1, allocating one multiplier
would result in II ≥ 4, allocating two or three means II ≥ 2 and allocating four results in II ≥ 1.
When given a model and a target II, an optimal HLS tool flow would be expected to either allocate
the minimum number of operators to reach the requested II or to notify the user that the inputs
are incompatible (e.g., due to insufficient resources in the back end for the requested degree in
parallelization).
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Table 5. Functions of the ASBPC-P

Name Domain Explanation

Σ(𝑟 ) : Res ↦→ R≥0 (Weighting-)Function that maps a resource type to its contribution
to the FPGA utilization

𝑋⊤ (𝑟 ) : Res ↦→ N0 Function that maps a resource type to the amount of available units
on the target FPGA

𝑋 (𝜔, 𝑟 ) : Ω × Res ↦→ N0 Function that maps an operator to its low-level resource consump-
tion of type 𝑟 per implemented operator instance

𝐿(𝜔) : Ω ↦→ N0 Function that maps an operator to its latency in clock cycles
𝐹 (𝜔) : Ω ↦→ N Function that maps an operator type to the number of allocated

hardware units (this function is an output of the modulo scheduling
problem if the objective is to find an allocation for minimal back
end resource utilization)

Φ(𝜔) : Ω ↦→ N0 Function that maps an operator type to its maximum additional
latency due to clock gating

Λ(𝜔) : Ω ↦→ R≥0 Function that maps an operator type to its dynamic energy con-
sumption per clock cycle and per instance

Υ(𝑜𝑖 ) : 𝑂 ↦→ Ω Function that maps an operation to its associated operator type
𝑄 (𝑒𝑖, 𝑗 ) : 𝐸 ↦→ N0 Function that maps an edge to the associated input port of its sink

vertex
Ξ(𝜔) : Ω ↦→ N Function that maps an operator type to the number of input ports

of one of its operators (only relevant for non-commutative operator
types)

Γ⊥ (𝑒𝑖, 𝑗 ) : 𝐸 ↦→ N0 Function that maps an edge to its minimum possible lifetime (trivial:
∀𝑒𝑖, 𝑗 ∈ 𝐸 : Γ⊥ (𝑒𝑖, 𝑗 ) = 0)

Γ⊤ (𝑒𝑖, 𝑗 ) : 𝐸 ↦→ N0 Function that maps an edge to its maximum possible lifetime (trivial:
∀𝑒𝑖, 𝑗 ∈ 𝐸 : Γ⊤ (𝑒𝑖, 𝑗 ) = SL − 𝐿(Υ(𝑜 𝑗 )) − 𝐿(Υ(𝑜𝑖 )) + II · 𝑑𝑖, 𝑗 )

Table 6. Outputs of the ASBPC-P, expressed via functions

Name Domain Explanation

𝐹 (𝜔) : Ω ↦→ N Function that maps an operator type to the number of allocated
hardware units

𝑇 (𝑜𝑖 ) : 𝑂 ↦→ N0 Function that returns the start time of 𝑜𝑖
𝐵(𝑜𝑖 ) : 𝑂 ↦→ N0 Function that returns the index of the hardware unit which exe-

cutes 𝑜𝑖
𝑍 (𝑐, 𝜏) : N0 × N0 ↦→ {0, 1} Function that returns whether clock domain 𝑐 is turned off in

modulo slot 𝜏
𝐻 (𝜔, 𝑥) : Ω × N0 ↦→ N0 Function that returns the index of the clock domain that instance

𝑥 of operator type 𝜔 is connected to; if 𝐻 returns zero, it is
assumed that the default clock domain is used

𝑄 (𝑒𝑖, 𝑗 ) : 𝐸 ↦→ N0 Function that maps an edge to the associated input port of the
operator that executes the edge’s sink vertex
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Even when optimally allocating operators, it is possible that not all operators are fully utilized
due to an imbalanced number of operations in the model to be implemented. In that case, it might
be beneficial to use clock gating to turn off operators during their idle times in order to decrease
dynamic power consumption. When the number of available clock domains is lower than the
number of individually allocated operators, operators with similar idle times can be grouped and
turned off jointly. Determining an optimal grouping of operators, however, is non-trivial and
interdependent with the schedule and binding.
By increasing the latency of individual operations, the clock gating possibly influences the

schedule length (by delaying consecutive operations) and the number of lifetime registers. On one
hand, the lifetime register count can be decreased by delaying an operation early in the schedule if
its first use occurs several clock cycles later. On the other hand, delaying an operation can also
cause the lifetime of other operations with the same successor to increase, if they are finished in an
earlier clock cycle.
For each connection in the model, there also exists a connection in the implemented system.

However, it is possible to re-use the same connection for two different data transfers in the
implemented system whenever the source operator, the sink operator, the lifetime, and the ports
are identical. In that case, it is possible to reduce the size of the associated multiplexer in the
interconnect network by using a decoder on its select input, as demonstrated in Fig. 4.

3.2 Related work
Modulo scheduling has been an active research topic since its inception in the 1980s [43]. Given
an operator allocation and a graph, there are many algorithms available that are able to compute
a schedule with optimal II and schedule length [20, 24, 38, 52]. Due to the difficulty of resource-
constrained scheduling, alternatively, heuristics can be used. They either, similar to optimal methods,
aim at a latency reduction [6, 19, 42], or try to reduce implementation costs by minimizing variable
lifetimes [33].
In recent years, Boolean Satisfiability (SAT) has emerged as a powerful competitor to Integer

Linear Programming (ILP)-based methods, outperforming previous work in terms of algorithm
runtime and solution quality [17, 24]. This comes at an increased complexity to derive a valid model
due to SAT’s reduced expressiveness. Furthermore, since all constraints are encoded at the bit level,
constraints involving floating-point numbers are very cumbersome and inefficient to represent
using pure SAT.

Especially in the context of hardware synthesis, it makes sense to leave the allocation of operators
to the scheduling algorithm. Hence, a potential user solely requests a target II for the given graph
and the scheduler computes the minimum allocation to reach the II [39, 52]. Determining the
minimum allocation then strongly depends on the target platform and the operator library used.
Aside from tackling the problem from a different angle (i.e., with slightly different inputs and goals),
an allocation aware modulo scheduler can be used for quick design space explorations [39].
After having obtained a valid modulo schedule, the next step is usually to determine which

operation is executed by which allocated operator. This is called binding. Different bindings lead to
varying implementation costs for the interconnect network (i.e., multiplexers and registers) [15, 23,
44]. A dedicated binding algorithm takes a schedule as an input and, based on the data-flow graph
and an allocation, computes a binding which reduces lifetime register and multiplexer costs. A
natural step to reduce resource demand even further is to include the binding into the scheduling
algorithm for hardware aware scheduling [22, 45]. This comes at the cost of an increased runtime
compared to solving both problems separately [22, 23]. Currently, combinations of scheduling
and binding only aim at a reduction of lifetime register costs. Multiplexer minimization is left for
dedicated binding algorithms [15, 23, 44] and algorithms to compute a port assignment for binary
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commutative operators [5, 7, 13], even though previous work has shown that multiplexers are a
non-negligible source of dynamic power consumption in FPGA-based systems [8].

None of the aforementioned algorithms produces optimal results when implementing multiple or
nested loops or loops with dynamic memory dependencies. This can be solved by several approaches.
The first possibility is computing an optimized static schedule, where accurate operator costs are
necessary to fit pipelined circuits onto low-cost FPGAs [40]. A different approach is dynamic
scheduling [41], where the schedule is computed by the hardware itself, utilizing handshake signals
[12, 29]. This can produce faster circuits, possibly at the cost of increased hardware. Lastly, both
approaches can be combined, where portions of the circuit are scheduled statically when dynamic
scheduling would not bring a performance increase [9, 16, 49]. Here we focus on model-based
hardware design, hence, we restrict our work on the optimal implementation of a single model,
assumed to be running indefinitely with fixed throughput.

Despite its relevance, power consumption-aware HLS for FPGAs is only researched superficially.
Chen et al. propose a simulated annealing-based algorithm that simultaneously handles scheduling,
binding and data path generation based on switching activity and wire length estimations [8].
Furthermore, they adopted a MUX optimization algorithm in order to reduce power consumption
even further. Lhairech-Lebreton et al., on the other hand, proposed to clock different parts of the
implemented system with different clock frequencies [31]. Their approach is applicable whenever
multi-cycle operators can be clocked with a slower frequency without sacrificing performance.
The algorithms used in the two aforementioned works are heuristic (i.e., simulated annealing for
Chen et al. and a list-based scheduling for Lhairech-Lebreton et al.). To the best of the authors’
knowledge, this is the first attempt to derive an optimal algorithm for HLS including all aspects of
the generated microarchitecture, with particular emphasis on dynamic power optimization.

4 THE PROPOSED ALGORITHM
This section presents HerMan1, the proposed ILP model to generate optimized microarchitectures
from model-based input descriptions with arbitrary throughput requirements.

4.1 The general idea
We propose to solve the ASBPC-P sequentially, as shown in Fig. 5. Whenever the ILP solver fails to
provide a feasible solution for one or more of the optimizations, intermediate results can be used as
fallback solutions, which are valid but non-optimal.
In the first step, we build an ILP model with a variable operator allocation to find a schedule

for the given II, which can be implemented on a given back end (e.g., a PYNQ-Z1 FPGA board). If
the ILP solver determines the model to be infeasible, there is no operator allocation which adheres
to the back end resource constraints, that is able to support the requested II. In this case, the II
is incremented and the updated model is solved, again, until a solution is found. In cases where
the user-given II serves as a hard constraint, the solving process can alternatively be terminated
early since the throughput requirement is incompatible with the model to be implemented. In these
cases, a different back end (e.g., a larger FPGA) or another operator library can be chosen.
Once a minimal operator allocation for the given II is found, the number of functional units

is fixed for all subsequent optimization steps (defined via 𝐹 (𝜔)). This can be done under the
assumption that no system exists with more operators but lower power consumption.

Afterwards, a new ILP formulation is built with the objective of energy savings maximization. To
do so, the solver needs information about the number of clock domains #𝐶 , the energy consumption
for each operator per clock cycle Λ(𝜔), and the maximum latency increase per operator type

1HerMan: Holistic ILP Model for Model-Based Hardware Design

ACM Trans. Reconfig. Technol. Syst., Vol. 1, No. 1, Article 1. Publication date: November 2024.



1:12 Nicolai Fiege and Peter Zipf

Start.

User inputs:
Initiation interval,
graph, operators,
back end resources,
resource weighting,
resource consumption,
latencies, operator map,
[max. back end resources,
max. schedule length]
→ II, 𝐺 , Ω, Res,
Σ(𝑟 ), 𝑋 (𝜔, 𝑟 ),
𝐿(𝜔), Υ(𝑜𝑖 ),
[𝑋⊤ (𝑟 ), SL]

Solve ILP. Objective:
minimize allocation costs

Feasible?

Solve ILP. Objective:
maximize energy savings

Solve ILP. Objective:
minimize lifetime registers

Solve ILP. Objective:
minimize schedule length

Solve ILP. Objective:
minimize MUX costs

End.

User inputs:
Num. clock domains,
max. CG latency increase,
dynamic energy costs
→ #𝐶 , Φ(𝜔), Λ(𝜔)

User inputs:
Initial port bindings,
Num. input ports
→ 𝑄 (𝑒𝑖, 𝑗 ), Ξ(𝜔)

No. Back end
resources
insufficient:
II← II + 1

Yes.
Results: Operator allocation→ 𝐹 (𝜔)

Results: Optimal energy savings→ 𝑆

Results: Optimal lifetime register costs
→ 𝑅

Results: Optimal schedule length and
edge lifetime bounds
→ SL, Γ⊥ (𝑒𝑖, 𝑗 ), Γ⊤ (𝑒𝑖, 𝑗 )

Final results: Optimal start times,
bindings, clock enable times, clock
domain bindings, port bindings
→ 𝑇 (𝑜𝑖 ), 𝐵(𝑜𝑖 ), 𝑍 (𝑐, 𝜏), 𝐻 (𝜔, 𝑥), 𝑄 (𝑒𝑖, 𝑗 )

Energy optimization can
be skipped if clock
gating is not used

Fig. 5. Flowchart for HerMan
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caused by clock gating Φ(𝜔). It will be shown in Section 4.2 that Φ(𝜔) influences the number of
variables/constraints needed to model the problem. A high value for Φ(𝜔) might lead to better
results at the cost of a potentially longer solving time. Solving this ILP formulation yields the
maximum dynamic energy savings that can be achieved by clock gating, denoted by 𝑆 .
Now we can extend the ILP model to also account for lifetime register costs and solve it again

with the objective of lifetime register minimization and an additional constraint that permits only
solutions with optimal energy savings. This yields the optimal number of lifetime registers.
Our proposed ILP model can also account for MUX costs. To do so, we need the maximum

lifetime for each edge Γ⊤ (𝑒𝑖, 𝑗 ), which can be trivially computed for a bounded schedule length.
This is why we solve two more ILP models after having computed optimal lifetime register costs:
(i) a model to minimize the schedule length (subject to optimal energy savings and optimal lifetime
register costs), and (ii) a model to minimize MUX costs (subject to optimal energy savings, optimal
lifetime register costs, and the optimal schedule length). As additional inputs to minimize MUX
costs, we need the number of input ports for each operator type, Ξ(𝜔), which can be obtained from
the operator library, and a port mapping for each edge in the DFG, 𝑄 (𝑒𝑖, 𝑗 ). Aside from resource
reduction, Chen et al. have shown that MUXs contribute to high power consumption in FPGA-based
implementations, so optimizing MUXs is necessary for low-power applications on FPGAs [8].

Finally, we obtain a solution with:

(1) The minimal II for the requested back end
(2) An operator allocation with minimal resource consumption
(3) Maximum energy savings by clock gating
(4) Minimal lifetime register costs to store intermediate results
(5) The minimal schedule length
(6) Minimal MUX costs in the interconnect network

Note that the optimization performed is hierarchical, and the order in which objectives are optimized
can be interchanged depending on the application (e.g., latency-sensitive applications can provide
an upper bound for the schedule length and minimize the schedule length first). This means that
changing the optimization order might also change individual values for the different objectives.
Alternatively, our model can also be used to compute a weighted minimization of the objectives
energy, lifetime registers, schedule length, and MUXs. To do so, the user would need to provide
(meaningful) weighting factors, which is already a non-trivial task by itself.

4.2 ILP Formulation
Table 7 gives an overview of all variables of the proposed ILP formulation that are explained and
referenced in the following. As described in the previous sections, we seek to solve a multi-criteria
optimization problem. All objectives solved with the proposed ILP models are shown in Fig. 6 in
(𝜉1)–(𝜉5) in the order defined by Fig. 5.

A minimization of allocation costs is achieved using (𝜉1); Σ(𝑟 ) defines a pre-defined, constant
weighting factor for resource type 𝑟 according to the back end used; 𝑋 (𝜔, 𝑟 ) defines how many
resources of type 𝑟 are consumed by implementing one instance of an operator with type 𝜔 ; and 𝜒𝜔
is an integer-valued variable that represents how many instances of operator type 𝜔 are allocated
to accomplish the II requested. Note that the weighting factor Σ(𝑟 ) can, for example, be used to
assign equal “importance” to all resource types for heterogeneous back ends such as FPGAs, as
shown in Table 8.

In order to correctly model the modulo scheduling problem we need to satisfy (5) for all data and
chaining dependencies in the DFG [43]. This constraint states that an operation (𝑜 𝑗 ) can only be
started if all operations it depends on (𝑜𝑖 ) finished executing. By explicitly modeling all operations’
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Table 7. Variables of the proposed ILP formulation

Name Domain Explanation

𝑡 ∈ N0 Schedule length
𝑡𝑖 ∈ N0 Start time of 𝑜𝑖
𝑦𝑖 ∈ N0 𝑦𝑖 =

⌊
𝑡𝑖
II
⌋

𝑚𝑖,𝜏 ∈ {0, 1} 𝑚𝑖,𝜏 = 1 ⇐⇒ 𝑡𝑖 mod II = 𝜏

𝜒𝜔 ∈ N0 Number of allocated operator instances of type 𝜔
𝑏𝑖,𝑥 ∈ {0, 1} 𝑏𝑖,𝑥 = 1 ⇐⇒ 𝑜𝑖 gets executed on operator instance 𝑥 of type 𝜔
𝜎𝑖, 𝑗 ∈ {0, 1} 𝜎𝑖, 𝑗 = 0 =⇒ �𝜏 ∈ [0, II) : 𝑚𝑖,𝜏 = 1 ∧𝑚 𝑗,𝜏 = 1
𝜓𝑖, 𝑗 ∈ {0, 1} 𝜓𝑖, 𝑗 = 0 =⇒ �𝑥 ∈ [0, 𝐹 (𝜔)) : 𝑏𝑖,𝑥 = 1 ∧ 𝑏 𝑗,𝑥 = 1
𝑘𝜔,𝑥 ∈ N0 Number of lifetime registers after operator instance 𝑥 of type 𝜔
𝑓𝜔,𝑥,𝑐 ∈ {0, 1} 𝑓𝜔,𝑥,𝑐 = 1 ⇐⇒ operator instance 𝑥 of type 𝜔 is connected to clock

domain 𝑐
𝑧𝑐,𝜏 ∈ {0, 1} 𝑧𝑐,𝜏 = 1 ⇐⇒ clock domain 𝑐 is turned off in modulo slot 𝜏
ℎ𝜔,𝑥,𝜏 ∈ {0, 1} ℎ𝜔,𝑥,𝜏 = 1 ⇐⇒ the clock for operator instance 𝑥 of type 𝜔 is turned

off in modulo slot 𝜏
𝛼𝜔,𝑥,𝜏,𝜙 ∈ {0, 1} 𝛼𝜔,𝑥,𝜏,𝜙 = 1 ⇐⇒ the additional latency of all operations executed on

instance 𝑥 of operator type 𝜔 started in modulo slot 𝜏 is equal to 𝜙
𝑛𝑖 ∈ N0 Additional latency of 𝑜𝑖
𝜃𝑖, 𝑗,𝛾 ∈ {0, 1} 𝜃𝑖, 𝑗,𝛾 = 1 ⇐⇒ the lifetime on edge 𝑒𝑖, 𝑗 is equal to 𝛾
𝑎𝜔𝑖 ,𝑥𝑖 ,𝜔 𝑗 ,𝑥 𝑗 ,𝛾,𝑞 ∈ {0, 1} 𝑎𝜔𝑖 ,𝑥𝑖 ,𝜔 𝑗 ,𝑥 𝑗 ,𝛾,𝑞 = 0 =⇒ there is no connection necessary between

instance 𝑥𝑖 of operator type 𝜔𝑖 and input port 𝑞 at instance 𝑥 𝑗 of
operator type 𝜔 𝑗 over exactly 𝛾 lifetime registers

𝜋𝑖, 𝑗,𝑞 ∈ {0, 1} 𝜋𝑖, 𝑗,𝑞 ⇐⇒ 𝑒𝑖, 𝑗 is assigned to input port 𝑞 of the operator that executes
𝑜 𝑗

min
∑︁
𝑟 ∈Res

Σ(𝑟 ) ·
∑︁
𝜔∈Ω

𝑋 (𝜔, 𝑟 ) · 𝜒𝜔 (𝜉1)

max
∑︁
𝜔∈Ω

Λ(𝜔) ·
𝐹 (𝜔 )−1∑︁
𝑥=0

II−1∑︁
𝜏=0

ℎ𝜔,𝑥,𝜏 (𝜉2)

min
∑︁
𝜔∈Ω

𝐹 (𝜔 )−1∑︁
𝑥=0

𝑘𝜔,𝑥 (𝜉3)

min 𝑡 (𝜉4)

min
∑︁

(𝜔𝑖 ,𝜔 𝑗 ,𝛾,𝑞) ∈𝐴

𝐹 (𝜔𝑖 )−1∑︁
𝑥𝑖=0

𝐹 (𝜔 𝑗 )−1∑︁
𝑥 𝑗=0

𝑎𝜔𝑖 ,𝑥𝑖 ,𝜔 𝑗 ,𝑥 𝑗 ,𝛾,𝑞 (𝜉5)

Fig. 6. Objectives for the proposed ILP formulation
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𝑡 𝑗 − 𝑡𝑖 ≥ Δ(𝑒𝑖, 𝑗 ) − II · 𝑑𝑖, 𝑗 ∀𝑒𝑖, 𝑗 (T1)
𝑡 𝑗 − 𝑡𝑖 − 𝑛𝑖 ≥ Δ(𝑒𝑖, 𝑗 ) − II · 𝑑𝑖, 𝑗 ∀𝑒𝑖, 𝑗 (T2)

𝑡𝑖 − II · 𝑦𝑖 −
II−1∑︁
𝜏=0

𝜏 ·𝑚𝑖,𝜏 = 0 ∀𝑖 (T3)

II−1∑︁
𝜏=0

𝑚𝑖,𝜏 = 1 ∀𝑖 (T4)

𝑡𝑖 + 𝐿(Υ(𝑜𝑖 )) ≤ SL ∀𝑖 (T5)
𝑡𝑖 + 𝐿(Υ(𝑜𝑖 )) + 𝑛𝑖 ≤ SL ∀𝑖 (T6)

𝑡𝑖 + 𝐿(Υ(𝑜𝑖 )) + 𝑛𝑖 − 𝑡 ≤ 0 ∀𝑖 (T7)

Fig. 7. Timing constraints for the proposed ILP formulation

start times as integer-valued decision variables, we can directly express this constraint in ILP
via (T1). Note that (T1) and its modified version for clock gating (T2) are the only ILP constraints
relevant for chaining. Hence, all subsequent instances of “∀𝑒𝑖, 𝑗 ” represent “∀𝑒𝑖, 𝑗 ∈ 𝐸 \ 𝐸𝑐” instead of
“∀𝑒𝑖, 𝑗 ∈ 𝐸” since they refer to edge lifetimes which relate to the original precedence constraint (3).

Unfortunately, operator constraints (2) require knowledge about the congruence class modulo II
for each operation. Our model for timing constraints is close to the model proposed by Eichenberger
and Davidson [20] and shown in Fig. 7. We compute the decomposition of 𝑡𝑖 into the modulo slot
and an integer-valued multiple of the II using (T3). Here, 𝑦𝑖 is an integer-valued decision variable
and𝑚𝑖,𝜏 is a binary decision variable that represents whether 𝑡𝑖 mod II = 𝜏 . Hence, we must make
sure that only one𝑚𝑖,𝜏 is active per operation via (T4). In presence of an optional user-given upper
limit on the schedule length, we also add (T7) to the solver to make sure that the SL limit holds.
This allows us to model (2) for a variable operator allocation defined by 𝜒𝜔 according to the

proposal by Oppermann et al. [39] shown in Fig. 8. We use (A1) to make sure that the solver
allocates enough operators of each type to accommodate the execution of all operations. In presence
of resource limits due to the chosen back end, we also add (A2) to the solver. Finally, we follow
Oppermann et al. [39] and add the redundant constraint (A3) to the solver to help proving optimality
for a trivially minimal operator allocation according to (1). Note that this allocation is not necessarily
feasible due to the interaction of operator and recurrence constraints. Hence, the solver might
allocate more operators if limited operations are part of cyclic dependencies in the DFG or in
presence of tight bounds for the schedule length.

From this point forward, we assume that the solver successfully computed the optimal allocation
via Objective (𝜉1). The next objective is to maximize energy savings for the given allocation. This
is necessary because—even for the minimal operator allocation—it is possible that some operators
are not fully utilized in each modulo slot. The ILP solver maximizes energy savings via (𝜉2) where
Λ(𝜔) are dynamic energy costs per clock cycle for one instance of operator type 𝜔 , which have
to be determined before-hand by the user; and the binary-valued decision variable ℎ𝜔,𝑥,𝜏 denotes
whether instance 𝑥 of operator type 𝜔 is turned off via clock gating in modulo slot 𝜏 .

To correctly model energy savings, the formulationmust be extended towards (i) a fixed allocation
whichwas computed in the previous step, and (ii) amodel for clock gating and its influence on energy
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𝜒𝜔 −
∑︁

𝑜𝑖 ∈𝑂𝜔

𝑚𝑖,𝜏 ≥ 0 ∀𝜔, 𝜏 (A1)∑︁
𝜔∈Ω

𝑋 (𝜔, 𝑟 ) · 𝜒𝜔 ≤ 𝑋⊤ (𝑟 ) ∀𝑟 (A2)

𝜒𝜔 ≥
⌈
|𝑂𝜔 |
II

⌉
∀𝜔 (A3)

Fig. 8. Allocation constraints for the proposed ILP formulation

𝐹 (𝜔 )−1∑︁
𝑥=0

𝑏𝑖,𝑥 = 1 ∀𝑖 (R1)

𝑚𝑖,𝜏 +𝑚 𝑗,𝜏 − 𝜎𝑖, 𝑗 ≤ 1 ∀𝑖, 𝑗, 𝜏 (R2)
𝑏𝑖,𝑥 + 𝑏 𝑗,𝑥 −𝜓𝑖, 𝑗 ≤ 1 ∀𝑖, 𝑗, 𝑥 (R3)

𝜎𝑖, 𝑗 +𝜓𝑖, 𝑗 ≤ 1 ∀𝑖, 𝑗 (R4)

Fig. 9. Operator constraints for the proposed ILP formulation

consumption and operator latency. The fixed allocation and the resulting operator constraints are
shown in Fig. 9, and our clock gating model can be seen in Fig. 10.
For each operation we let the solver compute a binding to one of the allocated operators using

(R1). Conflicts in the scheduling and binding arise whenever two operations are scheduled in the
same modulo slot and shall be executed by the same operator instance. This case is impossible to
implement because each operator can only execute one operation per clock cycle. It is prohibited
by (R4), where 𝜎𝑖, 𝑗 = 0 implies 𝑡𝑖 mod II ≠ 𝑡 𝑗 mod II; and𝜓𝑖, 𝑗 = 0 implies 𝑏𝑖 ≠ 𝑏 𝑗 . Hence, we must
include (R2) and (R3) to ensure that 𝜎𝑖, 𝑗 and 𝜓𝑖, 𝑗 are correctly set to one whenever 𝑡𝑖 mod II =
𝑡 𝑗 mod II, and 𝑏𝑖 = 𝑏 𝑗 , respectively.

In the proposed clock gating model we compute a clock domain assignment for each operator
instance via (C1); binary decision variable 𝑓𝜔,𝑥,𝑐 denotes whether operator instance 𝑥 of type 𝜔 is
connected to gated clock domain 𝑐 . We also allow the assignment to no gated clock via the “≤”
relation instead of “=”. If 𝑓𝜔,𝑥,𝑐 = 0∀𝑐 then operator instance 𝑥 of type 𝜔 is connected to the default
clock domain which is active in all modulo slots. We use binary variables 𝑧𝑐,𝜏 to represent that
clock domain 𝑐 is turned off in modulo slot 𝜏 and ℎ𝜔,𝑥,𝜏 to represent that the clock for operator
instance 𝑥 of type 𝜔 is turned off in modulo slot 𝜏 . If 𝑓𝜔,𝑥,𝑐 = 1 then, by definition, 𝑧𝑐,𝜏 = ℎ𝜔,𝑥,𝜏 . This
relationship can be realized via the use of the indicator constraint (C2†). Alternatively, if the solver
does not support indicator constraints, (C2a∗) and (C2b∗), can be used, instead.
Consider the case where all 𝑓𝜔,𝑥,𝑐 are set to zero to indicate a connection to the default clock

domain. This means that all indicator constraints (C2†) are disabled, which would mean that the
solver would be free to choose any values for the corresponding ℎ𝜔,𝑥,𝜏 variables, although, by
definition, all ℎ𝜔,𝑥,𝜏 should be zero because the default clock domain is active in all modulo slots.
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We enforce this behavior using (C3). It only allows to set ℎ𝜔,𝑥,𝜏 = 1 if at least one 𝑓𝜔,𝑥,𝑐 is also set to
one, indicating a binding to a gated clock.
Recall that the idea of incorporating clock gating into modulo scheduled circuits is to reduce

dynamic power for clock cycles in which an operator instance is idle. We say that an operator
instance is idle if it does not start the execution of a new operation in a given modulo slot. Conse-
quently, clock gating can only be allowed for a given operator instance for modulo slots in which
no operation is executed on that instance. This property is enforced by Constraint (C4).

Finally, we must model a possible latency increase for operations executed on operator instances
which are driven by a gated clock. Consider the example where an operator instance 𝑥 of type 𝜔̂
has a latency of three clock cycles (i.e., it is realized with three pipeline stages in order to comply
with a specific clock frequency), is bound to a gated clock 𝑐 (i.e., 𝑓𝜔̂,𝑥,𝑐 = 1), and II = 2. If this clock
is turned off in modulo slot 𝜏 = 0 and remains active in modulo slot 𝜏 = 1 (i.e., 𝑧𝑐,0 = 1, 𝑧𝑐,1 = 0),
then ℎ𝜔̂,𝑥,0 = 1 and ℎ𝜔̂,𝑥,1 = 0 caused by (C2†). Now also assume that a specific operation 𝑜𝑖 is
scheduled in 𝑡𝑖 = 3. This corresponds to modulo slot 𝜏 = 1 (i.e.,𝑚𝑖,1 = 1). If it is also bound to the
given operator instance (i.e., 𝑏𝑖,𝑥 = 1), the operation traverses the operator’s first pipeline stage in
clock cycle 3. In clock cycle 4, however, the operator instance’s clock is turned off, so the second
pipeline stage is traversed only in clock cycle 5 and the operator finishes computation in clock
cycle 7. This means that the latency of that operation is increased by two.

To model such behavior, we use an additional integer-valued decision variable 𝑛𝑖 per operation
which holds the clock gating-induced latency increase. Clearly, that value depends on (i) the
operator instance on which the operation is executed (via 𝑏𝑖,𝑥 ), (ii) which clock domain drives it
(via 𝑓𝜔,𝑥,𝑐 ), (iii) when this clock domain is turned on/off (via 𝑧𝑐,𝜏 ), and (iv) in which modulo slot the
operation is scheduled (via𝑚𝑖,𝜏 ).
We use the binary-valued decision variable 𝛼𝜔,𝑥,𝜏,𝜙 to denote whether the latency increase of

any operation started in modulo slot 𝜏 being executed on instance 𝑥 of operator type 𝜔 is equal to
𝜙 . Obviously, only one of these variables must be active over all possible values that 𝜙 can take.
This is enforced by (C8).

The mapping between 𝛼𝜔,𝑥,𝜏,𝜙 and ℎ𝜔,𝑥,𝜏 is achieved via indicator constraints (C5†) or, alterna-
tively, via linear counterparts (C5a∗)–(C5b∗). Reasoning behind (C5†) is that after 𝜙 + 𝐿(𝜔) − 1
clock cycles we accumulated exactly 𝜙 clock cycles in which the operator instance’s clock is turned
off. However, it is important that the sum’s last element in (C5†) is a variable with value zero.
Otherwise, the value for 𝛼𝜔,𝑥,𝜏,𝜙 could be assigned an incorrect value which would still satisfy these
constraints. Therefore, we also add (C7).
Finally, we must also link 𝛼𝜔,𝑥,𝜏,𝜙 with 𝑛𝑖 (i.e., set 𝑛𝑖 = 𝜙) for all operations executed on in-

stance 𝑥 which are started in modulo slot 𝜏 . This is achieved via indicator constraint (C6†), or,
correspondingly, linear constraints (C6a∗)–(C6b∗).
Obviously, the latency increase 𝑛𝑖 must also be considered in precedence and schedule length

constraints. Therefore, we modify (T1) to (T2) and (T5) to (T6) when modeling clock gating.
For all subsequent optimization runs, we must make sure that we only allow solutions with

optimal energy savings (i.e., with an optimal objective value for (𝜉2)). This is enforced by recording
the objective value 𝑆 when maximizing energy savings and adding (C9) to the solver for all
subsequent optimizations.
The latency increase caused by clock gating can influence the number of lifetime registers

needed to implement the circuit by modifying lifetimes for intermediate results. We can exploit
this by starting an optimization run to minimize lifetime registers while simultaneously modeling
clock gating. The appropriate constraints are shown in Fig. 11 and set up by modifying the model
proposed by Sittel et al. [45] to also account for clock gating. The model uses integer-valued decision
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#𝐶−1∑︁
𝑐=0

𝑓𝜔,𝑥,𝑐 ≤ 1 ∀𝜔, 𝑥 (C1)

𝑓𝜔,𝑥,𝑐 =⇒ 𝑧𝑐,𝜏 − ℎ𝜔,𝑥,𝜏 = 0 ∀𝜔, 𝑥, 𝜏, 𝑐 (C2†)
𝑓𝜔,𝑥,𝑐 + 𝑧𝑐,𝜏 − ℎ𝜔,𝑥,𝜏 ≤ 1 ∀𝜔, 𝑥, 𝜏, 𝑐 (C2a∗)
𝑓𝜔,𝑥,𝑐 + ℎ𝜔,𝑥,𝜏 − 𝑧𝑐,𝜏 ≤ 1 ∀𝜔, 𝑥, 𝜏, 𝑐 (C2b∗)

#𝐶−1∑︁
𝑐=0

𝑓𝜔,𝑥,𝑐 − ℎ𝜔,𝑥,𝜏 ≥ 0 ∀𝜔, 𝑥, 𝜏 (C3)

ℎ𝜔,𝑥,𝜏 +𝑚𝑖,𝜏 + 𝑏𝑖,𝑥 ≤ 2 ∀𝜔, 𝑥, 𝜏, 𝑖 (C4)

𝛼𝜔,𝑥,𝜏,𝜙 =⇒
𝜙+𝐿 (𝜔 )−1∑︁

𝜀=0
ℎ𝜔,𝑥,(𝜏+𝜀 ) mod II = 𝜙 ∀𝜔, 𝑥, 𝜏, 𝜙 (C5†)

𝐿(𝜔) · (1 − 𝛼𝜔,𝑥,𝜏,𝜙 ) +
𝜙+𝐿 (𝜔 )−1∑︁

𝜀=0
ℎ𝜔,𝑥,(𝜏+𝜀 ) mod II ≥ 𝜙 ∀𝜔, 𝑥, 𝜏, 𝜙 (C5a∗)

−𝐿(𝜔) · (1 − 𝛼𝜔,𝑥,𝜏,𝜙 ) +
𝜙+𝐿 (𝜔 )−1∑︁

𝜀=0
ℎ𝜔,𝑥,(𝜏+𝜀 ) mod II ≤ 𝜙 ∀𝜔, 𝑥, 𝜏, 𝜙 (C5b∗)

(𝑏𝑖,𝑥 ∧𝑚𝑖,𝜏 ) =⇒ 𝑛𝑖 −
Φ(𝜔 )∑︁
𝜙=0

𝜙 · 𝛼𝜔,𝑥,𝜏,𝜙 = 0 ∀𝜔, 𝑥, 𝜏, 𝑖 (C6†)

Φ(𝜔) · (2 − 𝑏𝑖,𝑥 −𝑚𝑖,𝜏 ) + 𝑛𝑖 −
Φ(𝜔 )∑︁
𝜙=0

𝜙 · 𝛼𝜔,𝑥,𝜏,𝜙 ≥ 0 ∀𝜔, 𝑥, 𝜏, 𝑖 (C6a∗)

−Φ(𝜔) · (2 − 𝑏𝑖,𝑥 −𝑚𝑖,𝜏 ) + 𝑛𝑖 −
Φ(𝜔 )∑︁
𝜙=0

𝜙 · 𝛼𝜔,𝑥,𝜏,𝜙 ≤ 0 ∀𝜔, 𝑥, 𝜏, 𝑖 (C6b∗)

𝛼𝜔,𝑥,𝜏,𝜙 + ℎ𝜔,𝑥,(𝜏+𝜙+𝐿 (𝜔 )−1) mod II ≤ 1 ∀𝜔, 𝑥, 𝜏, 𝜙 (C7)
Φ(𝜔 )∑︁
𝜙=0

𝛼𝜔,𝑥,𝜏,𝜙 = 1 ∀𝜔, 𝑥, 𝜏 (C8)

∑︁
𝜔∈Ω

Λ(𝜔) ·
𝐹 (𝜔 )−1∑︁
𝑥=0

II−1∑︁
𝜏=0

ℎ𝜔,𝑥,𝜏 ≥ 𝑆 (C9)

Fig. 10. Clock gating constraints for the proposed ILP formulation

variables 𝑘𝜔,𝑥 to compute how many lifetime registers are associated to to operator instance 𝑥
of type 𝜔 . Obviously, this value must be at least as large as the longest lifetimes of all variables
produced by this instance. This is enforced by indicator constraint (L1†), or, alternatively, by its
linearization (L1∗). An optimal lifetime register objective value for following optimizations can be
imposed by (L2).
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𝑏𝑖,𝑥 =⇒ 𝑘𝜔,𝑥 − 𝑡 𝑗 + 𝑡𝑖 + 𝑛𝑖 ≥ 𝑑𝑖, 𝑗 · II − 𝐿(Υ(𝑜𝑖 )) ∀𝑒𝑖, 𝑗 , 𝑥 (L1†)
𝑀 · (1 − 𝑏𝑖,𝑥 ) + 𝑘𝜔,𝑥 − 𝑡 𝑗 + 𝑡𝑖 + 𝑛𝑖 ≥ 𝑑𝑖, 𝑗 · II − 𝐿(Υ(𝑜𝑖 )) ∀𝑒𝑖, 𝑗 , 𝑥 (L1∗)∑︁

𝜔∈Ω

𝐹 (𝜔 )−1∑︁
𝑥=0

𝑘𝜔,𝑥 ≤ 𝑅 (L2)

Fig. 11. Lifetime register constraints for the proposed ILP formulation (𝑀 is a big-M constant; if Γ⊤ is
known, we can set𝑀 = Γ⊤ (𝑒𝑖, 𝑗 ); otherwise we can use a max schedule length estimation, e.g., proposed by
Oppermann et al. [38])

𝑡𝑖 = 0 ∀𝑖 ∈ Inputs (Q1)
𝑡𝑖 + 𝐿(Υ(𝑜𝑖 )) − 𝑡 = 0 ∀𝑖 ∈ Outputs (Q2)

𝑡𝑖 + 𝐿(Υ(𝑜𝑖 )) + 𝑛𝑖 − 𝑡 = 0 ∀𝑖 ∈ Outputs (Q3)

Fig. 12. Input/output equalizing constraints for the proposed ILP formulation

When embedding a circuit within a larger system, it might be necessary that all inputs are put
into the circuit at the same time and all outputs are produced at the same time in order to avoid
implementing additional registers. HerMan directly supports that scenario within its optimization,
as this additional design constraint might influence the number of lifetime registers after the
corresponding inputs or before the outputs. Fig. 12 shows the ILP constraints to model equalized
inputs and outputs. Here, it is assumed that the user provides a set of operations that should be
considered as inputs and an additional set for outputs. Constraint (Q1) states that all inputs to the
model are scheduled in clock cycle 𝑡 = 0, and, depending on whether clock gating is also optimized,
(Q2) or (Q3) states that output operations always provide their output values as late as possible.
Note that, depending on user-requirements, input scheduling times different from zero are also
possible, by changing (Q1) to, for example, 𝑡2 = 3 if 𝑜2 should be scheduled in time step 3. The same
can be applied to output schedule times.

The last component in the underlying microarchitecture (Fig. 2), which is not yet optimized, are
the multiplexers used to implement the interconnect network between operators and/or ports. An
ILP model for MUX optimization, given a schedule, was proposed by Fiege et al. [23]. It also uses
commutativity to modify the port assignments for even further MUX reductions. However, it was
noted that the schedule can heavily influence the optimization potential in binding. We therefore
also include a MUX optimization and a port assignment in our holistic ILP model. Corresponding
constraints are shown in Fig. 13. The idea is to model all possible connections between operators
in the resulting microarchitecture and let the solver exploit the potential to implement only one
connection for the data transfers of multiple edges in the DFG. In the worst case, each edge in
the DFG must be implemented using a distinct connection in the circuit. Two edges can share a
connection if and only if (i) source operator instances are equal, (ii) destination operator instances
are equal, (iii) variable lifetimes are equal, and—for non-commutative operator types—(iv) input
ports on the destination operator instance are equal. We use 𝑎𝜔𝑖 ,𝑥𝑖 ,𝜔 𝑗 ,𝑥 𝑗 ,𝛾,𝑞 to model whether a
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connection from instance 𝑥𝑖 of operator type 𝜔𝑖 to input port 𝑞 of instance 𝑥 𝑗 of operator type
𝜔 𝑗 over 𝛾 lifetime registers will be implemented in hardware. Additionally, we compute a port
assignment for commutative operations via 𝜋𝑖, 𝑗,𝑞 . Value 𝜋𝑖, 𝑗,𝑞 = 1 indicates that edge 𝑒𝑖, 𝑗 is connected
to port 𝑞 of the operator instance which executes 𝑜 𝑗 . A port assignment is valid if and only if each
incoming edge is assigned to exactly one port and if each port is assigned exactly one incoming edge.
This is realized via (M5)–(M6). In the work by Fiege et al. [23], the lifetime for each edge is assumed
to be known prior to building the ILP model (i.e., it is built for a given, pre-computed schedule). This
is not possible in the present work because scheduling and binding are solved together. Therefore,
we create binary-valued variables 𝜃𝑖, 𝑗,𝛾 that represent whether the edge 𝑒𝑖, 𝑗 has a lifetime of 𝛾 . The
assignment of exactly one of those variables per edge is enforced via (M2), and the appropriate
one is chosen via (M1). Here, (M1) realizes the precedence constraint (3). For each edge, we must
make sure that the ILP model correctly accounts for the appropriate connection that must be
implemented in hardware in order to realize the data transfer between the operators. To do so,
we use variables 𝑎𝜔𝑖 ,𝑥𝑖 ,𝜔 𝑗 ,𝑥 𝑗 ,𝛾,𝑞 , and constraints (M3)–(M4) for non-commutative and commutative
operations, respectively. These constraints realize the relation “if 𝑜𝑖 is bound to instance 𝑥𝑖 , 𝑜 𝑗 is
bound to 𝑥 𝑗 , the lifetime for edge 𝑒𝑖, 𝑗 is equal to 𝛾 (and the edge is assigned to port 𝑞), then the
solver must account for that connection by setting the appropriate 𝑎𝜔𝑖 ,𝑥𝑖 ,𝜔 𝑗 ,𝑥 𝑗 ,𝛾,𝑞 variable to one.”

Summing up all 𝑎𝜔𝑖 ,𝑥𝑖 ,𝜔 𝑗 ,𝑥 𝑗 ,𝛾,𝑞 variables therefore yields the total number of multiplexer inputs in
the implemented system. Assuming a linear relationship between the number of MUX inputs and
their costs (which is approximately true for FPGA designs [35] and therefore also done in previous
work related to binding [23, 44]), minimizing that sum in (𝜉5) leads to a minimization of MUX costs
caused by the interconnect network shown in Fig. 2.

Even though we do not make use of that feature in our work, it is possible to enforce a specific
objective value for subsequent optimization runs via (M7). We use the helper set comprised of
4-tuples

𝐴 = {(𝜔𝑖 , 𝜔 𝑗 , 𝛾, 𝑞) |∃𝑒𝑖, 𝑗 ∈ 𝐸 :𝜔𝑖 = Υ(𝑜𝑖 ), 𝜔 𝑗 = Υ(𝑜 𝑗 ), Γ⊥ (𝑒𝑖, 𝑗 ) ≤ 𝛾 ≤ Γ⊤ (𝑒𝑖, 𝑗 ),
((𝑞 = 𝑄 (𝑒𝑖, 𝑗 ) ∧ 𝜔 𝑗 ∉ Ω̌) ∨ (𝑞 ∈ [0,Ξ(𝜔 𝑗 )) ∧ 𝜔 𝑗 ∈ Ω̌))} (7)

to store the information between which operator types/ports, and with which lifetimes there might
be implemented a connection by the ILP solver. This information can be used to delete unnecessary
variables (i.e., those 𝑎𝜔𝑖 ,𝑥𝑖 ,𝜔 𝑗 ,𝑥 𝑗 ,𝛾,𝑞 which cannot be set to one because they represent connections
that will never be implemented in hardware).

Finally, note again that the proposed ILP formulation assumes that operators are fully pipelined
(e.g., (A1) assumes that an operation only utilizes exactly one modulo slot, and (C5†) assumes that
an operation traverses one pipeline stage per clock cycle). Enabling multi-cycle operations (i.e.,
operations with II > 1) and/or nested loops requires re-working multiple aspects of our proposed
variables/constraints and is therefore out of this work’s scope.

5 EXPERIMENTAL RESULTS
We conduct all our experiments on an AMD-EPYC 7443P CPU@3.77GHz. ILP solvers are allowed
to use up to 20 threads with a time limit of ten minutes per problem instance. Our FPGA back
end model for the PYNQ-Z1 board2 is given in Table 8. We choose weighting factors such that
the weighted number of available units is approximately constant for the different resource types.
The operator model (cf. Table 9) is acquired by synthesis experiments for the PYNQ-Z1 board. For
simplicity we assume that Λ(𝜔) = 1∀𝜔 ∈ Ω. This results in an equal weighting of all arithmetic
operator types regarding their energy consumption per clock cycle. More accurate results could

2The board features a XC7Z020-1CLG400C FPGA from the Zynq–7000 family.
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Γ⊤ (𝑒𝑖,𝑗 )∑︁
𝛾=Γ⊥ (𝑒𝑖,𝑗 )

𝛾 · 𝜃𝑖, 𝑗,𝛾 − 𝑡 𝑗 + 𝑡𝑖 + 𝑛𝑖 = II · 𝑑𝑖, 𝑗 − 𝐿(Υ(𝑜𝑖 )) ∀𝑒𝑖, 𝑗 (M1)

Γ⊤ (𝑒𝑖,𝑗 )∑︁
𝛾=Γ⊥ (𝑒𝑖,𝑗 )

𝜃𝑖, 𝑗,𝛾 = 1 ∀𝑒𝑖, 𝑗 (M2)

𝑏𝑖,𝑥𝑖 + 𝑏 𝑗,𝑥 𝑗
+ 𝜃𝑖, 𝑗,𝛾 − 𝑎Υ (𝑜𝑖 ),𝑥𝑖 ,Υ (𝑜 𝑗 ),𝑥 𝑗 ,𝛾,𝑄 (𝑒𝑖,𝑗 ) ≤ 2 ∀𝑒𝑖, 𝑗 , 𝑥𝑖 , 𝑥 𝑗 , 𝛾 : 𝜔 𝑗 ∉ Ω̌

(M3)

𝑏𝑖,𝑥𝑖 + 𝑏 𝑗,𝑥 𝑗
+ 𝜃𝑖, 𝑗,𝛾 + 𝜋𝑖, 𝑗,𝑞 − 𝑎Υ(𝑜𝑖 ),𝑥𝑖 ,Υ (𝑜 𝑗 ),𝑥 𝑗 ,𝛾,𝑞 ≤ 3 ∀𝑒𝑖, 𝑗 , 𝑥𝑖 , 𝑥 𝑗 , 𝛾, 𝑞 : 𝜔 𝑗 ∈ Ω̌

(M4)∑︁
𝑖:∃𝑒𝑖,𝑗 ∈𝐸

𝜋𝑖, 𝑗,𝑞 = 1 ∀𝑞, 𝑜 𝑗 : Υ(𝑜 𝑗 ) ∈ Ω̌

(M5)
Ξ(Υ(𝑜 𝑗 ) )∑︁

𝑞=0
𝜋𝑖, 𝑗,𝑞 = 1 ∀𝑜 𝑗 , 𝑒𝑖, 𝑗 : Υ(𝑜 𝑗 ) ∈ Ω̌

(M6)∑︁
(𝜔𝑖 ,𝜔 𝑗 ,𝛾,𝑞) ∈𝐴

𝐹 (𝜔𝑖 )−1∑︁
𝑥𝑖=0

𝐹 (𝜔 𝑗 )−1∑︁
𝑥 𝑗=0

𝑎𝜔𝑖 ,𝑥𝑖 ,𝜔 𝑗 ,𝑥 𝑗 ,𝛾,𝑞 ≤ 𝑃 (M7)

Fig. 13. Multiplexer constraints for the proposed ILP formulation with 𝐴 defined in (7)

Table 8. FPGA back end model (PYNQ-Z1 board) with Σ(𝑟 ) chosen such that 𝑋⊤ (𝑟 ) · Σ(𝑟 ) ≈ const.∀𝑟 ∈ Res.

𝑟 ∈ Res LUTs FFs DSPs

𝑋⊤ (𝑟 ) 53200 106400 220
Σ(𝑟 ) 2 1 483.73

be obtained by using the actual values for energy consumption. But, as seen in the forthcoming
evaluation, this simplification already results in dynamic power consumption savings for the
resulting circuits. We use BUFGCE primitives to realize the clock buffers with enable inputs, which
operate in a synchronous fashion. This means that for a low clock-enable value before an incoming
rising edge (in order to stop the edge from propagating to the buffer output), any value changes on
the clock-enable port during the clock’s high-time are ignored by the buffer and, therefore, do not
lead to any unwanted clock pulses at the output.

We evaluate our proposed optimization with two different settings:
(1) HerMan: As depicted in Fig. 5, including the energy optimization by clock gating
(2) HerMan (no (𝜉2)): As depicted in Fig. 5, but without the use of clock gating

We choose benchmark instances from digital signal processing applications, consisting of digital
filters and color space conversions.

With the following experiments we seek to answer the following questions:
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Table 9. Operator model (results taken from synthesis experiments for the PYNQ-Z1 board)

𝜔 ∈ Ω FP32-Add FP32-Sub FP32-Mult FP32-Div

𝐿(𝜔) 7 7 2 12
𝑋 (𝜔, LUTs) 343 343 45 1589
𝑋 (𝜔, FFs) 292 292 68 624
𝑋 (𝜔,DSPs) 0 0 2 0
Λ(𝜔) 1 1 1 1
Ξ(𝜔) 2 2 2 2

(1) Can clock gating be effectively applied to modulo scheduled circuits in order to reduce power
consumption?

(2) How much computational overhead is necessary to do so?
(3) Does the incorporation of clock gating also have an impact on other system properties (e.g.,

the number of lifetime registers)?
We perform three experimental evaluations to answer these questions:

(1) Pre-synthesis experiments for the whole benchmark suite (Section 5.1): We run Origami-HLS
for each benchmark instance and various throughput requirements and evaluate abstract
parameters: (i) CPU time to obtain the results, (ii) ratio of useful number of operations to
total number of operations per data sample, (iii) number of lifetime registers, (iv) multiplexer
costs.

(2) Post-place-and-route experiments for selected benchmark instances (Section 5.2): We imple-
ment selected VHDL codes generated with Origami-HLS on the PYNQ-Z1 board and evaluate
FPGA resource consumption.

(3) Power measurements on the PYNQ-Z1 board: We create bit streams for selected VHDL
designs including a random number generator for input stimulus generation and measure
the system’s static and dynamic power consumption.

Recall that the proposed approach is developed such that design space explorations become ob-
solete due to the fact that the user can specify the exact requirements for the resulting circuit.
Nevertheless, we perform design space explorations for all benchmark designs to show HerMan’s
general applicability independent of the actual design constraints. This also means that we have
to limit the timeout to a comparatively short number, namely 𝑡 = 10min per ILP instance caused
by the high number of problems solved. Note that in a practical scenario, significantly more time
can be allocated to the optimization procedure since only a single circuit must be generated per
system instead of multiple ones. We choose II = 32 as an upper limit for the II in the design space
exploration, since it is larger than the value for II⊥rec for all models tested and increasing it further
leads to unrepresentative tests due to much smaller values for II⊥res in some instances.
Practical values for the number of available clock domains depends on the back end and also

on the model to be implemented. On the one hand, a high number of clock domains increases the
degrees of freedom for optimization. But on the other hand, using a new clock domain can also
lead to an offset in switching activity and, hence, in power consumption. Therefore, we make tests
with up to 2, 5 and 10 clock domains. The last input parameter to the ILP model is the maximum
additional latency per operator type Φ(𝜔). Large values lead to higher switching activity reductions
at the cost of an increased ILP complexity and, due to the increased operator latency, a possibly
increased schedule length. In the following tests we vary Φ(𝜔) between 2, 5, 10 and 20 for all
operator types.
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We implemented HerMan in the open-source C++ scheduling library HatScheT [47] using the
open-source ScaLP library [48] as an interface to the Gurobi [26] ILP solver. Note that we chose
Gurobi only for performance reasons. The proposed formulation is also compatible with any other
standard ILP solver such as CPLEX [27], SCIP [4] or LPSolve [3]. VHDL codes are generated via
the open-source tool Origami HLS [37] using FloPoCo [18] as an open-source back end/operator
library. All benchmark instances are available as part of the Origami HLS tool.
As a comparison to our holistic approach we use two different approaches from the current

state-of-the-art for static scheduling in HLS:
• Scheduling for the given II with the second objective of schedule length minimization using
BLOOP, a Boolean Satisfiability-based scheduler [24]. Results are passed to an optimal binding
algorithm using ILP for joint lifetime register and multiplexer optimization [23]. This is called
SAT+ILP in the following
• Joint scheduling and binding for the given II with the second objective of lifetime register
minimization using the enhanced Moovac ILP formulation [45]

The remaining HLS flow remains the same. Moovac, BLOOP, and the ILP-based binding algorithm
are also implemented in HatScheT, use Gurobi for solving ILP instances, interfaced via ScaLP,
and use CaDiCaL for solving SAT instances. Again, Origami& FloPoCo are used for VHDL code
generation.

We choose these approaches for the following reasons:
(1) SAT+ILP represents the traditional, non-holistic approach, where allocation, scheduling and

binding are solved optimally, but individually.
(2) The lifetime-aware version of Moovac is one step further to a holistic approach, since it

computes a binding-aware schedule for lifetime register minimization. However, it still
neglects MUX costs and energy consumption.

Contrary to HerMan, the other two approaches need a fixed operator allocation as an additional
input, since they are not aware of back end resources. For each II in the design space exploration we
therefore allocate the minimum number of operators per type according to Oppermann et al. [39]:

𝐹 (𝜔) =
⌈
|𝑂𝜔 |
II

⌉
. (8)

This ensures that II⊥res is always equal to or smaller than the target II. However, in presence of
recurrences, that operator allocation is not necessarily feasible for the given II due to the interaction
of resource and cyclic dependency constraints [39]. In such cases, a scheduler for dynamic operator
allocation like HerMan or the ones by Šůcha and Hanzálek [52] or Oppermann et al. [39] are
necessary to find an allocation with minimal resource overhead. However, this case only rarely
occurred in our experiments. In such cases, the scheduler fails to find a solution for such a problem
instance and instead returns a schedule for the first feasible solution with a larger II.
We perform the following tests after reaching different design stages to ensure that all circuits

are generated correctly:
(1) Each schedule is validated by checking (2) and (3) for the candidate II and operator allocation.
(2) Each binding is checked for correctness by validating whether the algorithm accounted for

each edge in the graph by an appropriate connection in the circuit and the correct amount of
lifetime registers.

(3) Each generated VHDL code (including all clock buffers inserted by HerMan) is validated via
a behavioral simulation that checks whether it behaves exactly the same—bit per bit—as its
Simulink reference (based on a testbench, which is also built in Simulink).
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(4) Each implementation is checked for correctness by verifying that Vivado yields a positive
Worst Negative Slack (i.e., the timing constraint is met and Vivado was successful at balancing
any clock skews produced by the BUFGCE instances).

(5) Selected implementations are validated for correctness by running them on the PYNQ-Z1
board and letting the on-board CPU core check the output computed by the FPGA.

5.1 Pre-synthesis
As a first attempt to answer the given research questions, we evaluate HerMan on the full benchmark
suite and analyze pre-synthesis system parameters, namely the ratio of useful operations to total
operations per data sample. An ideal value for this ratio would be 1, as then each operation
performed in hardware is a useful operation which is necessary to process the data sample. If no
clock gating is applied, each operator performs an operation in each clock cycle. Hence, the number
of total operations is given by multiplying the II with the total number of allocated operators. Clock
gating can reduce this number by turning off the clock for an operator in cycles when it should
not perform an operation. The number of useful operations is the total number of operations in
the model to be implemented. For the example given in Fig. 1 the number of useful operations is
8 (4 multiplications, 3 additions, 1 subtraction). Furthermore, we evaluate the number of lifetime
registers to see how many additional flip-flops must be implemented to store intermediate results.
The interconnect network complexity depends on the total number of multiplexers and their sizes.
As multiplexer resource consumption roughly scales linearly with the number of data inputs [35],
we follow previous work [23, 44] and choose the total number of MUX inputs as a metric to estimate
their costs (e.g., a system with one 3:1 MUX and two 4:1 MUXs would have #MUXs = 3 + 2 · 4 = 11
in the following evaluation).
Results are given in Table 10. Interestingly, Moovac fails to solve the ILP for the majority of

resource allocations for fir_SAM, while HerMan is always able to compute the minimal resource
allocation and finds schedules with significantly fewer lifetime registers compared to the ones
where Moovac does not time out. This suggests that manually allocating the minimal number of
operators results in harder ILP instances than letting the solver figure it out itself. As expected, the
approach of separate scheduling and binding (SAT+ILP) has by far the shortest average runtime
(while only using one thread) paired with the highest lifetime register and multiplexer costs. This is
also true for iir_sos8, where Moovac mostly finds valid but non-optimal solutions. For this special
case the SAT+ILP approach has reduced resource consumption compared to Moovac. We exclude
all problem instances from our analysis where one of the approaches fails to find a valid solution.

We see that applying clock gating reduces the number of operations performed for all benchmark
instances. This comes at a (usually slight) cost increase in Lifetime registers. Multiplexer costs are
usually reduced compared to the rest, since HerMan explicitly minimizes MUX costs whereas the
others do not. Aside from a few outliers, HerMan without clock gating usually has the lowest LR
and MUX count across the whole benchmark suite. Intuitively, one would expect HerMan and
Moovac to yield identical results for the number of lifetime registers. But, since Moovac does not
explicitly account for input/output schedule time equalization within its ILP model (see Fig. 12)
and due to non-optimal results, HerMan sometimes finds cheaper implementations. Additionally,
MUX costs are always minimal for HerMan.
Although HerMan usually does not need the full 10min time per ILP instance, the total time is

greatly increased compared to the other approaches. Especially the holistic optimization including
clock gating increases runtime significantly, even compared to HerMan without clock gating. For
larger benchmark sizes, HerMan frequently times out in one of its optimization steps, yielding no
solution within ten minutes. For example, for iir_sos8, HerMan often fails to find any valid clock
gating pattern, so the microarchitecture is created without any clock gating and the following
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Table 10. Pre-synthesis results; all numbers reported are averaged over all IIs and all clock gating settings (#𝐶
and Φ(𝜔)) for the given benchmark model; best results are highlighted in bold

Benchmark HerMan HerMan (no (𝜉2)) Moovac [45] SAT [24] + ILP [23]

Name II⊥rec |𝑂 | av
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.
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#M

U
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g.
tim
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]

iir_biqu 16 14 0.36 79 15 1235 0.17 48 13 0 0.17 50 15 0 0.17 58 15 0
fir6dlms 7 16 0.35 341 14 1427 0.19 248 11 1 0.19 302 14 0 0.19 281 14 0
iir4 16 26 0.42 548 29 1690 0.23 65 25 1 0.23 182 27 0 0.23 243 25 0
fir_GM 1 16 0.70 323 18 798 0.39 217 16 1 0.39 217 17 0 0.39 200 17 0
iir_sos2 16 26 0.64 171 25 1441 0.35 44 19 1 0.35 82 28 0 0.35 88 27 0
fir_SAM 1 121 0.89 1244 146 1790 0.85 1090 139 1193 0.85 2136 161 600 0.85 2384 131 316
iir_sos4 16 50 0.95 367 45 1308 0.70 44 29 16 0.70 282 50 4 0.70 302 46 0
iir_sos8 16 98 0.74 254 58 1625 0.73 44 52 1023 0.73 1189 83 565 0.73 254 46 1
fir_SHI 1 29 0.91 290 31 1309 0.58 258 24 50 0.58 358 31 2 0.58 376 29 0
rgb_tr 1 24 0.58 468 21 1209 0.34 74 16 0 0.34 222 21 0 0.34 221 21 0
fir_gen 1 15 0.59 47 14 735 0.33 35 12 0 0.33 40 12 0 0.33 87 13 0
splin_pf 1 26 0.84 255 26 1289 0.54 186 21 46 0.54 215 27 1 0.54 336 22 0
fir_hilb 1 14 0.44 218 14 1109 0.25 178 11 0 0.25 203 13 0 0.25 205 12 0
ycbcr_tr 1 22 0.50 140 18 1210 0.29 24 15 1 0.29 59 19 0 0.29 71 19 0
fir_lms 27 15 0.14 114 11 951 0.10 103 11 0 0.10 120 12 0 0.10 125 12 0
fir_srg 1 17 0.37 172 11 1164 0.21 93 10 0 0.21 110 12 0 0.21 117 11 0

optimizations (e.g., lifetime register minimization) do not consider clock gating. In these cases, more
computation power (more CPU cores or longer timeout) would be needed to leverage HerMan’s
full potential.

5.2 Post-place-and-route
As our second set of experiments we generate post-place-and-route implementations for the PYNQ-
Z1 board using the generated VHDL codes from the pre-synthesis experiments targeting 66.7 MHz.
Usually, circuits resulting from an HLS flow are embedded in a larger system including, for example,
memory- and sensor-interfaces, which are omitted in our analysis. In order to reduce the I/O count,
we include a shift register for the inputs and a multiplexer to select a single output bit. This ensures
that all designs fit onto the FPGA regarding the I/O pin count and the overhead due to the shift
register and output MUX only skews results minimally compared to full I/O interfaces used in
practical scenarios.
Table 11 shows post implementation results. Here we also include circuits generated with

the commercial tool HDL coder by MathWorks [34]. The HDL coder differs from the remaining
approaches in the following aspects:

(1) It uses its own operator library, hence, pipeline stages for operators and therefore also II⊥rec
for the corresponding systems will differ. This is not the case for the remaining approaches,
since they all are embedded into Origami HLS and therefore use the same operator library
based on FloPoCo.

(2) The different operator library for the HDL coder yields other LUT/FF/DSP costs compared
to the other approaches. This means a difference in resource costs can be caused by the
operators as well as the interconnect costs (lifetime registers and multiplexers).

(3) TheHDL coder employs its own allocation, scheduling and binding. So it cannot be guaranteed
that it always arrives at the minimal operator allocation.
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Fig. 14. Post implementation results: II vs. normalized resource utilization (part 1)
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Fig. 15. Post implementation results: II vs. normalized resource utilization (part 2); see Fig. 14 for the legend
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Table 11. Post implementation results summary; all numbers reported are averaged over all IIs and all clock
gating settings (#𝐶 and Φ(𝜔)) for the given benchmark model

HerMan HerMan (no (𝜉2)) Moovac [45] SAT [24] + ILP [23] HDL Coder [34]
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iir_biqu 757 1000 2 98 700 921 2 94 702 930 2 93 554 2138 2 92 2347 2188 4 113
fir6dlms 1772 2047 2 93 1655 1954 2 83 1758 2081 2 82 1063 9986 2 80 2917 3721 8 97
iir4 1562 1974 2 96 1198 1369 2 89 1236 1524 2 82 980 3873 2 83 – – – –
fir_GM 1236 1299 2 93 1054 1259 2 91 1102 1323 2 90 638 6618 2 92 3520 3432 8 102
iir_sos2 886 1325 2 95 718 990 2 92 880 1281 2 87 645 2222 2 86 4685 4296 8 101
fir_SAM 6180 7097 7 85 6115 7506 7 80 9541 12568 12 77 3451 54602 7 77 35029 30268 58 86
iir_sos4 1079 1628 2 100 771 1086 2 89 1099 1954 2 83 803 3059 2 83 – – – –
iir_sos8 1378 1676 4 105 1209 1483 4 89 2066 3519 4 81 975 2970 4 89 – – – –
fir_SHI 1573 1795 3 93 1499 1852 3 97 1803 2338 3 95 951 10448 3 92 7274 6624 10 93
rgb_tr 1724 1929 2 99 1310 1443 2 96 1388 1625 2 92 1137 3745 2 93 4640 4107 8 102
fir_gen 899 1203 2 93 783 1125 2 82 792 1160 2 82 691 3213 2 81 2409 2770 10 105
splin_pf 1310 1567 3 94 1149 1361 3 86 1349 1777 3 87 695 7333 3 81 4482 4032 0 93
fir_hilb 1411 1510 2 98 1327 1475 2 101 1346 1565 2 102 924 6984 2 100 2817 2794 4 107
ycbcr_tr 1437 1679 2 91 1104 1417 2 94 1205 1360 2 93 1085 2019 2 94 3623 3295 8 119
fir_lms 1388 1535 2 96 1429 1637 2 83 1351 1596 2 83 996 4509 2 80 2808 2965 8 96
fir_srg 1441 1657 2 98 1322 1544 2 95 1432 1701 2 94 1000 4342 2 93 2091 2310 4 114

avg. 1627 1933 3 96 1459 1776 3 90 1816 2394 3 88 1037 8004 3 87 6049 5600 11 102

We see that the HDL coder has the highest resource costs across all benchmark instances and fails
to generate circuits for selected models altogether. This is most likely due to the reasons mentioned
before.

Overall, HerMan without clock gating has the lowest resource utilization across all benchmark
instances due to its holistic optimization. SAT+ILP sometimes has reduced LUT count at the cost of
a disproportionately high FF increase. This is caused by Vivado, which trades off LUTs for FFs by
mapping shift registers into LUTs instead of FFs, if applicable. It is interesting to note that HerMan
without clock gating yields slightly higher maximal clock frequencies compared to HerMan with
clock gating. This is most likely caused by clock skews introduced by the BUFGCE instances which
Vivado has to compensate during place& route.

Fig. 14 and Fig. 15 show detailed resource utilization for thewhole benchmark suite. For each II and
each scheduler we display the solution with lowest resource utilization (if more than one solution
was found). The resource utilization is displayed as a percentage ratio of weighted utilization over
weighted capacity:

Resource utilization = 100 % · Σ(LUTs) · # LUTs + Σ(FFs) · # FFs + Σ(DSPs) · # DSPs
Σ(LUTs) · 𝑋⊤ (LUTs) + Σ(FFs) · 𝑋⊤ (FFs) + Σ(DSPs) · 𝑋⊤ (DSPs) .

(9)
For the PYNQ-Z1 board this means (cf. Table 8):

Resource utilization|PYNQ-Z1 = 100 % · 2 · # LUTs + 1 · # FFs + 483.73 · # DSPs
2 · 53200 + 1 · 106400 + 483.73 · 220

. (10)

The HDL coder consequently fails to exploit operator sharing possibilities when increasing the
II and frequently fails to provide solutions for models with recurrences (e.g., the first solution for
iir_sos2 has II = 30 whereas the remaining schedulers provide a solution starting from II = 16).
Interestingly, interconnect costs dominate for the non-binding-aware SAT-based modulo scheduler
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Fig. 16. Block diagram of our measurement setup

with rising IIs once the minimum operator allocation (𝐹 (𝜔) = 1∀𝜔 ∈ Ω) is exceeded. Binding-aware
schedulers Moovac and HerMan are able to keep interconnect costs virtually constant, even though
Moovac fails to schedule the fir_SAM filter for multiple IIs due to its size.

5.3 Power measurements
To validate the practical impact of the proposed optimizations we perform power measurements at
the voltage supply of the PYNQ board. To do so, we incorporate a shunt resistor into the voltage
supply path between the voltage regulator and its 1 V reference pin in order to not influence the
system by our measurement circuit. The complete measurement setup is shown in Fig. 16.

The instrument amplifier (INA) is used for an initial amplification to a voltage domain that can be
detected by the 24 bit ADC. The INA is followed by an active low-pass filter (LPF) for anti aliasing
and noise reduction. Measurement channel 1 (CH1) picks up the FPGA core voltage (ideally, 1 V),
and from the voltage measured at CH2 we can infer the current used by the FPGA logic domain.
All measurements are read by a microcontroller via SPI which then sends the data to a host PC for
evaluation. Simultaneously, we measure the temperature via an infra red temperature sensor. In
our tests, the temperature was kept approximately constant for each benchmark instance. Hence,
we do not display it for brevity.

This setup allows us to measure the total power consumption 𝑃total by the FPGA’s logic domain.
Using clock gating (a BUFGCE instance controlled by the microcontroller interfaced via one of the
boards PMOD pins), we can switch off the system clock, which leads to a measurement of the static
power 𝑃static. Subsequently, we calculate the dynamic power 𝑃dynamic via

𝑃total = 𝑃static + 𝑃dynamic ⇐⇒ 𝑃dynamic = 𝑃total − 𝑃static. (11)

All bitstreams include the design under test (DUT) and a random number generator for input
stimulus generation. DUT outputs are not routed to any I/O pins, so we use the “DONT_TOUCH”
attribute to prohibit Vivado from deleting the whole circuit during optimization.
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Fig. 17. Power measurement results for fir_SHI

For each bitstream the DUT implementation together with the RNG consumes only a small
portion of the PYNQ board’s available resources3. Therefore, we perform multiple measurements
with multiple DUT counts in parallel to see how scaling the resource consumption translates to
power consumption.
Results for the fir_SHI and iir_sos8 models are shown in Fig. 17 and Fig. 18, respectively. We

give measurement results for one to three DUTs implemented in parallel. We only have access
to one setup for the time-consuming power measurement, so performing a measurement for the

3HerMan with #𝐶 = Φ(𝜔 ) = 2 for iir_sos8 and II = 16 needs 2417 of the available 53200 LUTs (4.54 %)
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Fig. 18. Power measurement results for iir_sos8

whole benchmark suite is infeasible. We choose fir_SHI since it is the largest recurrence-free model
for which Moovac successfully computes a valid solution for all IIs. The iir_sos8 model is chosen
because it is the largest model with recurrence, and therefore assumed to be among the hardest
benchmark instances in this suite, which is also reflected by the solving times shown in Table 10.
From Table 10 it is apparent that HerMan frequently fails to compute clock gating-aware schedules
due to the benchmark size. Savings for iir_sos8 are mainly due to lower resource utilization caused
by, e.g., MUX optimizations.
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We see that gating operator clocks translates into savings in dynamic power consumption for
HerMan compared to the rest. While static power remains largely constant when varying the DUT
count, dynamic power rises nearly proportionally (aside from an additive constant which is most
likely caused by the RNG) when implementing more DUTs in parallel. From these results we can
conclude that the combination of resource- and clock gating-aware scheduling translates to more
power efficient circuits. Hence, the proposed approach is primarily suitable for the following cases:

• Multiple small systems are implemented in parallel on the same FPGA.
• Large systems are implemented on the FPGA.
• An FPGA with low static power consumption is used.

AMD suggests using clock enables instead of gated clocks for their FPGAs. Therefore, we perform
an additional test where we enable GATED_CLOCK_CONVERSION and replace BUFGCE instances by
simple and-gates to automatically convert the clock gating logic to enable logic. This should allow
the synthesis tool to more efficiently utilize the clocking network for improved timing closure since
it does not have to account for clock skew caused by the additional clock buffers. Here we study
the impact on power consumption. In order to still prevent Vivado from deleting the hardware
design during optimization while still allowing the clock-gating-to-clock-enable conversion, we
use a MUX to select a single bit from the output data (routed to an FPGA output pin and controlled
via some FPGA input pins) instead of the DONT_TOUCH attribute. The MUX is used for both the
systems with clock gating and those with clock enables for the fairest comparison.
Results are shown in Fig. 19. Power consumption results are approximately equal for iir_sos8

since clock gating is only rarely employed so circuits with clock gating are mostly equal to circuits
with clock enables. This is not the case for fir_SHI where dynamic power consumption for clock
gating is significantly smaller compared to clock enables until II = 5. Here, HerMan frequently
finds opportunities to disable the operator clocks for power savings.

6 FUTUREWORK
Starting from this work, it is natural to investigate the following three topics: (i) scalability, (ii)
C/C++ based HLS, (iii) ASIC design.

Regarding scalability, we can either focus on improving the proposed, exact method or tackle the
problem heuristically. For exact solutions, other solving frameworks such as Boolean Satisfiability
(SAT) or Satisfiability Modulo Theories (SMT) can prove beneficial given the recent success when
applied to scheduling in HLS [11, 17, 24]. At the same time, integrating the proposed approach into
commercial tools is only feasible if a fall-back heuristic is also available to circumvent prohibitively
long CPU times during the stage of rapid prototyping. This can, for example, be accomplished by
developing a (heuristic) clock gating-aware modulo scheduler and integrating clock gating into
existing binding algorithms.
C/C++ based HLS has some conceptual differences from Simulink models: Simulink models

predominantly represent a single loop body, assumed to be running indefinitely. Programs, on the
other hand, can consist of multiple, nested loops and function calls, coupled with dynamic memory
accesses and control structures like if/else statements. In order to tackle general HLS, HerMan can
either be applied to each loop body individually, or the ILP formulation must be extended to also
support these features.

HerManwas developedwith the intention of mainly targeting FPGA applications.When targeting
ASICs, many circumstances change. For example, chaining becomes more relevant since operators
do not need to be deeply pipelined in order to reach high frequencies and the clock network is
different, causing a change in clock gating constraints. Future work should investigate how these
concepts can be integrated into the proposed algorithm.
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Fig. 19. Power measurement results: clock gating vs. clock enables

7 CONCLUSION
This work presented a holistic ILP model for model-based hardware design, which optimizes
all aspects of the resulting microarchitecture and also includes clock gating for dynamic power
reduction. All circuits generated with the proposed approach achieve the same (or sometimes
even better) throughput as those generated with the traditional approach of allocation, modulo
scheduling and binding. This is ensured by applying all microarchitecture optimizations as an
extension of the original throughput optimization formulation only, thus maintaining all optimal
solutions. Since in practical applications, full utilization of operators cannot be guaranteed even
with optimal throughput, we use clock gating to save energy by disabling idle operators.

Extensive experimental evaluations show that the holistic nature of our proposed optimization
consistently reduces resource consumption compared to separate modulo scheduling and bind-
ing [23, 24], binding-aware modulo scheduling [45] and a commercial model-based design tool [34].
The integration of clock gating into the HLS flow, together with the aforementioned resource
savings, cause considerable dynamic power savings without any performance degradation in the
resulting systems.
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