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A Multi-Level IR

› Behavioural LLHD 
› Easy to target from HDLs 
› Functions, processes, entities

› Structural LLHD 
› Easy to ingest for synthesizers/tools 
› Entities

› Netlist LLHD 
› Entities with only inst/sig

› Covers the entire design flow
› Uniform lowering to structural LLHD
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State of Hardware Design

› RTL and verification written in SV/VHDL
› Hardware world is slow and conservative 

(first time right™)
› SV/VHDL legacy must be part of the story 

› Running Example: Simple Accumulator

9

RTL Code:

Verification Code:

module acc_tb;
  bit clk, en;
  bit [31:0] x, q;
  acc i_dut (.*);

  initial begin
    automatic bit [31:0] i = 0;
    en <= #2ns 1;
    do begin
      x <= #2ns i;
      clk <= #1ns 1;
      clk <= #2ns 0;
      #2ns;
      check(i, q);
    end while (i++ < 1337);
  end

  function check(bit [31:0] i, bit [31:0] q);
    assert(q == i*(i+1)/2);
  endfunction

endmodule

module acc (input clk, input [31:0] x, input en, output [31:0] q);
  bit [31:0] d, q;
  always_ff @(posedge clk) q <= #1ns d;
  always_comb begin
    d <= #2ns q;
    if (en) d <= #2ns q+x;
  end
endmodule



Mapping RTL Code
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module acc (input clk, input [31:0] x, input en, output [31:0] q);
  bit [31:0] d, q;
  always_ff @(posedge clk) q <= #1ns d;
  always_comb begin
    d <= #2ns q;
    if (en) d <= #2ns q+x;
  end
endmodule

proc @acc_ff (i1$ %clk, i32$ %d) -> (i32$ %q) {
init:
  %clk0 = prb i1$ %clk
  wait %check for %clk
check:
  %clk1 = prb i1$ %clk
  %chg = neq i1 %clk0, %clk1
  %posedge = and i1 %chg, %clk1
  br %posedge, %init, %event
event:
  %dp = prb i32$ %d
  %delay = const time 1ns
  drv i32$ %q, %dp after %delay
  br %init
}

› Processes have implied port list 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event:
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  %delay = const time 1ns
  drv i32$ %q, %dp after %delay
  br %init
}

› Processes have implied port list 

› Flip-flop: 
› Posedge becomes wait, some logic and 

control flow 
› Assignment becomes drive in event 



proc @acc_comb (i32$ %q, i32$ %x, i1$ %en) -> (i32$ %d) {
entry:
  %qp = prb i32$ %q
  %enp = prb i1$ %en
  %delay = const time 2ns
  drv i32$ %d, %qp after %delay
  br %enp, %final, %enabled

enabled:
  %xp = prb i32$ %x
  %sum = add i32 %qp, %xp
  drv i32$ %d, %sum after %delay
  br %final

final:
  wait %entry for %q, %x, %en

}

Mapping RTL Code

10

module acc (input clk, input [31:0] x, input en, output [31:0] q);
  bit [31:0] d, q;
  always_ff @(posedge clk) q <= #1ns d;
  always_comb begin
    d <= #2ns q;
    if (en) d <= #2ns q+x;
  end
endmodule

› Processes have implied port list 

› Flip-flop: 
› Posedge becomes wait, some logic and 

control flow 
› Assignment becomes drive in event 

› Combinational: 
› Reacting to inputs becomes wait at end 



entity @acc (i1$ %clk, i32$ %x, i1$ %en) -> (i32$ %q) {
  %zero = const i32 0
  %d = sig i32 %zero
  %q = sig i32 %zero
  inst @acc_ff (i1$ %clk, i32$ %d) -> (i32$ %q)
  inst @acc_comb (i32$ %q, i32$ %x, i1$ %en) -> (i32$ %d)
}

Mapping RTL Code
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module acc (input clk, input [31:0] x, input en, output [31:0] q);
  bit [31:0] d, q;
  always_ff @(posedge clk) q <= #1ns d;
  always_comb begin
    d <= #2ns q;
    if (en) d <= #2ns q+x;
  end
endmodule

› Processes have implied port list 

› Flip-flop: 
› Posedge becomes wait, some logic and 

control flow 
› Assignment becomes drive in event 

› Combinational: 
› Reacting to inputs becomes wait at end 

› Module instantiates the processes



module acc_tb;
  bit clk, en;
  bit [31:0] x, q;
  acc i_dut (.*);

  initial begin
    automatic bit [31:0] i = 0;
    en <= #2ns 1;
    do begin
      x <= #2ns i;
      clk <= #1ns 1;
      clk <= #2ns 0;
      #2ns;
      check(i, q);
    end while (i++ < 1337);
  end

  function check(bit [31:0] i, bit [31:0] q);
    assert(q == i*(i+1)/2);
  endfunction
endmodule

Mapping Verification Code
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func @acc_tb_check (i32 %i, i32 %q) void {
entry:
  %one = const i32 1
  %two = const i32 2
  %ip1 = add i32 %i, %one      ; i+1
  %ixip1 = mul i32 %i, %ip1     ; i*(i+1)
  %qexp = div i32 %ixip1, %two    ; i*(i+1)/2
  %eq = eq i32 %qexp, %q       ; q == i*(i+1)/2
  call void @llhd.assert (i1 %eq)
  ret
}
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proc @acc_tb_initial (i32$ %q) -> (i1$ %clk, i32$ %x, i1$ %en) {
entry:
  %bit0 = const i1 0
  %bit1 = const i1 1
  %zero = const i32 0
  %one = const i32 1
  %many = const i32 1337
  %del1ns = const time 1ns
  %del2ns = const time 2ns
  %i = var i32 %zero
  drv i1$ %en, %bit1 after %del2ns
  br %loop

loop:
  %ip = ld i32* %i
  drv i32$ %x, %ip after %del2ns
  drv i1$ %clk, %bit1 after %del1ns
  drv i1$ %clk, %bit0 after %del2ns
  wait %next for %del2ns

next:
  %qp = prb i32$ %q
  call void @acc_tb_check (i32 %ip, i32 %qp)
  %in = add i32 %ip, %one
  st i32* %i, %in
  %cont = ult i32 %ip, %many
  br %cont, %end, %loop

end:
  halt

}
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entity @acc_tb () -> () {
  %zero0 = const i1 0
  %zero1 = const i32 0
  %clk = sig i1 %zero0
  %en = sig i1 %zero0
  %x = sig i32 %zero1
  %q = sig i32 %zero1
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proc @acc_ff (i1$ %clk, i32$ %d) -> (i32$ %q) {
init:
  %clk0 = prb i1$ %clk
  wait %check for %clk

check:
  %clk1 = prb i1$ %clk
  %chg = neq i1 %clk0, %clk1
  %posedge = and i1 %chg, %clk1
  br %posedge, %init, %event

event:
  %dp = prb i32$ %d
  %delay = const time 1ns
  drv i32$ %q, %dp after %delay
  br %init

}

proc @acc_comb (i32$ %q, i32$ %x, i1$ %en) -> (i32$ %d) {
entry:
  %qp = prb i32$ %q
  %enp = prb i1$ %en
  %delay = const time 2ns
  drv i32$ %d, %qp after %delay
  br %enp, %final, %enabled
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proc @acc_ff (i1$ %clk, i32$ %d) -> (i32$ %q) {
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proc @acc_ff (i1$ %clk, i32$ %d) -> (i32$ %q) {

}

init:
  %delay = const time 1ns
  %clk0 = prb i1$ %clk
  wait %check for %clk
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  %clk1 = prb i1$ %clk
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entity @acc_ff (i1$ %clk, i32$ %d) -> (i32$ %q) {
  %delay = const time 1ns
  %clkp = prb i1$ %clk
  %dp = prb i32$ %d
  reg i32$ %q, %dp rise %clkp after %delay

}
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entity @acc (i1$ %clk, i32$ %x, i1$ %en) -> (i32$ %q) {
  %zero = const i32 0
  %d = sig i32 %zero
  %q = sig i32 %zero
  inst @acc_ff (i1$ %clk, i32$ %d) -> (i32$ %q)
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Table 2. Evaluation of the simulation performance of
LLHD. We compare the LLHD reference interpreter to a
JIT-accelerated LLHD simulator and to a commercial simu-
lator. The former two operate on unoptimized LLHD code
as emitted by the Moore frontend with the -O0 �ag. We list
the lines of code “LoC” and executed clock “cycles” to pro-
vide an indication for the design and simulation complexity.
Traces match between the two simulators for all designs. See
Section 6.1 for a detailed description.

Sim. Time [s]
Design LoC Cycles Int.1 JIT2 Comm.3

Gray Enc./Dec. 17 12.6M 9740 6.33 6.07
FIR Filter 20 5M 4430 10.35 14.60
LFSR 30 10M 2350 14.53 14.10
Leading Zero C. 52 1M 11000 3.23 7.84
FIFO Queue 102 1M 1370 5.92 5.55
CDC (Gray) 108 1M 1380 8.72 6.45
CDC (strobe) 122 3.5M 1570 9.39 6.11
RR Arbiter 159 5M 49400 10.92 25.54
Stream Delayer 219 2.5M 477 4.28 4.99
RISC-V Core 3479 1M 24000 23.44 4.47

1 LLHD reference interpreter (LLHD-Sim), extrapolated;
2 JIT-accelerated simulator (LLHD-Blaze);
3 Commercial HDL simulator

Table 3. Comparison against other hardware-targeted inter-
mediate representations. Most other IRs are geared towards
synthesis and the resulting netlists. See Section 6.2 for a
detailed description.
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LLHD [us] 3 X X X X X X X
FIRRTL [14] 3† – – – – – X X
CoreIR [19] 1 – X – – – X –
�IR [24] 1 – – – – – X –
RTLIL [30] 1 – – – X X X –
LNAST [28] 1 – – – – X – –
LGraph [27] 1 – – – – – X X
netlistDB [6] 1 – – – – – X X

† Mentioned conceptually but not de�ned precisely

for all designs. That is, even with a simple prototype imple-
mentation of Moore and LLHD, we can fully and correctly
represent a RISC-V processor in Behavioural LLHD.

JIT compilation provides an opportunity to massively ac-
celerate LLHD simulation. For this, we map LLHD to LLVM
IR and then use LLVM to optimize for execution on the simu-
lation machine. This makes LLHD-Blaze (“JIT”) competitive
with commercial simulators, even though the former is a pro-
totype whereas the latter have been optimized for decades.
In some cases, LLHD-Blaze is already up to 2.4⇥ faster than
commercial simulators.
These bene�ts manifest themselves even on entirely un-

optimized LLHD code as it is emitted by Moore with the
-O0 �ag, comparable to Clang’s equivalent. We expect the
discrepancies between LLHD-Blaze and the commercial sim-
ulator to disappear as we add optimizations to the simulator
in the future. This will especially a�ect complex benchmarks
such as the RISC-V core, where the lack of code optimization
currently incurs signi�cant overheads. Note that the lines
of SystemVerilog code and simulation cycles do not always
fully portray the complexity of a design: some SystemVerilog
constructs can produce signi�cantly more LLHD code than
others, leading to signi�cant di�erences in simulation time.

Much of the complexity and engineering e�ort of our work
lies in Moore, the HDL compiler frontend, which tackles
the extensive SystemVerilog standard. Further extensions
of Moore to implement additional SystemVerilog constructs
can vastly increase the scope of designs that can be mapped
to LLHD. Once a design is in LLHD, simulating it correctly
is trivial.

6.2 Comparison with other Hardware IRs
LLHD is not the �rst IR targeted at hardware design. How-
ever, to our knowledge it is the �rst multi-level IR capable of
capturing a design throughout the entire hardware design
�ow, from simulation to synthesized netlist. Table 3 com-
pares the part of the design �ow covered by LLHD and other
IRs. We observe that almost all other IRs support structural
descriptions of circuits and many IRs support representing
a synthesized netlist. This is due to the fact that most of
them were designed as synthesis IRs to capture and apply
transformations before and after synthesis. A notable ex-
ample is FIRRTL, which acts as an interface between the
Chisel [7] frontend and subsequent synthesis. As the only
other IR, FIRRTL de�nes multiple levels of abstraction to-
gether with transformations to lower designs from higher
to lower levels. �IR is designed to capture entire accelerator
architectures as structural description and caters more to an
HLS �ow. RTLIL and LNAST both support the behavioural
description of circuits. RTLIL is geared towards simplify-
ing Verilog input to make it amenable for synthesis. LNAST
represents behavioural HDL code as language-agnostic Ab-
stract Syntax Tree (AST) and o�ers transformation passes.
As the only other IR, CoreIR focuses on adding formal ver-
i�cation support to HDLs. No other IR is Turing-complete,
which is essential to represent arbitrary reference models
and veri�cation constructs. FIRRTL provides limited support
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Table 3. Comparison against other hardware-targeted inter-
mediate representations. Most other IRs are geared towards
synthesis and the resulting netlists. See Section 6.2 for a
detailed description.
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LLHD [us] 3 X X X X X X X
FIRRTL [14] 3† – – – – – X X
CoreIR [19] 1 – X – – – X –
�IR [24] 1 – – – – – X –
RTLIL [30] 1 – – – X X X –
LNAST [28] 1 – – – – X – –
LGraph [27] 1 – – – – – X X
netlistDB [6] 1 – – – – – X X

† Mentioned conceptually but not de�ned precisely

for all designs. That is, even with a simple prototype imple-
mentation of Moore and LLHD, we can fully and correctly
represent a RISC-V processor in Behavioural LLHD.

JIT compilation provides an opportunity to massively ac-
celerate LLHD simulation. For this, we map LLHD to LLVM
IR and then use LLVM to optimize for execution on the simu-
lation machine. This makes LLHD-Blaze (“JIT”) competitive
with commercial simulators, even though the former is a pro-
totype whereas the latter have been optimized for decades.
In some cases, LLHD-Blaze is already up to 2.4⇥ faster than
commercial simulators.
These bene�ts manifest themselves even on entirely un-

optimized LLHD code as it is emitted by Moore with the
-O0 �ag, comparable to Clang’s equivalent. We expect the
discrepancies between LLHD-Blaze and the commercial sim-
ulator to disappear as we add optimizations to the simulator
in the future. This will especially a�ect complex benchmarks
such as the RISC-V core, where the lack of code optimization
currently incurs signi�cant overheads. Note that the lines
of SystemVerilog code and simulation cycles do not always
fully portray the complexity of a design: some SystemVerilog
constructs can produce signi�cantly more LLHD code than
others, leading to signi�cant di�erences in simulation time.

Much of the complexity and engineering e�ort of our work
lies in Moore, the HDL compiler frontend, which tackles
the extensive SystemVerilog standard. Further extensions
of Moore to implement additional SystemVerilog constructs
can vastly increase the scope of designs that can be mapped
to LLHD. Once a design is in LLHD, simulating it correctly
is trivial.

6.2 Comparison with other Hardware IRs
LLHD is not the �rst IR targeted at hardware design. How-
ever, to our knowledge it is the �rst multi-level IR capable of
capturing a design throughout the entire hardware design
�ow, from simulation to synthesized netlist. Table 3 com-
pares the part of the design �ow covered by LLHD and other
IRs. We observe that almost all other IRs support structural
descriptions of circuits and many IRs support representing
a synthesized netlist. This is due to the fact that most of
them were designed as synthesis IRs to capture and apply
transformations before and after synthesis. A notable ex-
ample is FIRRTL, which acts as an interface between the
Chisel [7] frontend and subsequent synthesis. As the only
other IR, FIRRTL de�nes multiple levels of abstraction to-
gether with transformations to lower designs from higher
to lower levels. �IR is designed to capture entire accelerator
architectures as structural description and caters more to an
HLS �ow. RTLIL and LNAST both support the behavioural
description of circuits. RTLIL is geared towards simplify-
ing Verilog input to make it amenable for synthesis. LNAST
represents behavioural HDL code as language-agnostic Ab-
stract Syntax Tree (AST) and o�ers transformation passes.
As the only other IR, CoreIR focuses on adding formal ver-
i�cation support to HDLs. No other IR is Turing-complete,
which is essential to represent arbitrary reference models
and veri�cation constructs. FIRRTL provides limited support



JIT-accelerated Simulation
› We investigate designs of different scale: 

› From small filters and buffers 
› To a full RISC-V core 

› Proof of concept: llhd-blaze
› Maps LLHD to LLVM
› Uses JIT execution engine and runtime 

that implements the event queue 

› Up to 2.4x faster than commercial tools
› Not faster across the board yet
› Written in half a day, no optimizations
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Table 2. Evaluation of the simulation performance of
LLHD. We compare the LLHD reference interpreter to a
JIT-accelerated LLHD simulator and to a commercial simu-
lator. The former two operate on unoptimized LLHD code
as emitted by the Moore frontend with the -O0 �ag. We list
the lines of code “LoC” and executed clock “cycles” to pro-
vide an indication for the design and simulation complexity.
Traces match between the two simulators for all designs. See
Section 6.1 for a detailed description.

Sim. Time [s]
Design LoC Cycles Int.1 JIT2 Comm.3

Gray Enc./Dec. 17 12.6M 9740 6.33 6.07
FIR Filter 20 5M 4430 10.35 14.60
LFSR 30 10M 2350 14.53 14.10
Leading Zero C. 52 1M 11000 3.23 7.84
FIFO Queue 102 1M 1370 5.92 5.55
CDC (Gray) 108 1M 1380 8.72 6.45
CDC (strobe) 122 3.5M 1570 9.39 6.11
RR Arbiter 159 5M 49400 10.92 25.54
Stream Delayer 219 2.5M 477 4.28 4.99
RISC-V Core 3479 1M 24000 23.44 4.47

1 LLHD reference interpreter (LLHD-Sim), extrapolated;
2 JIT-accelerated simulator (LLHD-Blaze);
3 Commercial HDL simulator

Table 3. Comparison against other hardware-targeted inter-
mediate representations. Most other IRs are geared towards
synthesis and the resulting netlists. See Section 6.2 for a
detailed description.
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LLHD [us] 3 X X X X X X X
FIRRTL [14] 3† – – – – – X X
CoreIR [19] 1 – X – – – X –
�IR [24] 1 – – – – – X –
RTLIL [30] 1 – – – X X X –
LNAST [28] 1 – – – – X – –
LGraph [27] 1 – – – – – X X
netlistDB [6] 1 – – – – – X X

† Mentioned conceptually but not de�ned precisely

for all designs. That is, even with a simple prototype imple-
mentation of Moore and LLHD, we can fully and correctly
represent a RISC-V processor in Behavioural LLHD.

JIT compilation provides an opportunity to massively ac-
celerate LLHD simulation. For this, we map LLHD to LLVM
IR and then use LLVM to optimize for execution on the simu-
lation machine. This makes LLHD-Blaze (“JIT”) competitive
with commercial simulators, even though the former is a pro-
totype whereas the latter have been optimized for decades.
In some cases, LLHD-Blaze is already up to 2.4⇥ faster than
commercial simulators.
These bene�ts manifest themselves even on entirely un-

optimized LLHD code as it is emitted by Moore with the
-O0 �ag, comparable to Clang’s equivalent. We expect the
discrepancies between LLHD-Blaze and the commercial sim-
ulator to disappear as we add optimizations to the simulator
in the future. This will especially a�ect complex benchmarks
such as the RISC-V core, where the lack of code optimization
currently incurs signi�cant overheads. Note that the lines
of SystemVerilog code and simulation cycles do not always
fully portray the complexity of a design: some SystemVerilog
constructs can produce signi�cantly more LLHD code than
others, leading to signi�cant di�erences in simulation time.

Much of the complexity and engineering e�ort of our work
lies in Moore, the HDL compiler frontend, which tackles
the extensive SystemVerilog standard. Further extensions
of Moore to implement additional SystemVerilog constructs
can vastly increase the scope of designs that can be mapped
to LLHD. Once a design is in LLHD, simulating it correctly
is trivial.

6.2 Comparison with other Hardware IRs
LLHD is not the �rst IR targeted at hardware design. How-
ever, to our knowledge it is the �rst multi-level IR capable of
capturing a design throughout the entire hardware design
�ow, from simulation to synthesized netlist. Table 3 com-
pares the part of the design �ow covered by LLHD and other
IRs. We observe that almost all other IRs support structural
descriptions of circuits and many IRs support representing
a synthesized netlist. This is due to the fact that most of
them were designed as synthesis IRs to capture and apply
transformations before and after synthesis. A notable ex-
ample is FIRRTL, which acts as an interface between the
Chisel [7] frontend and subsequent synthesis. As the only
other IR, FIRRTL de�nes multiple levels of abstraction to-
gether with transformations to lower designs from higher
to lower levels. �IR is designed to capture entire accelerator
architectures as structural description and caters more to an
HLS �ow. RTLIL and LNAST both support the behavioural
description of circuits. RTLIL is geared towards simplify-
ing Verilog input to make it amenable for synthesis. LNAST
represents behavioural HDL code as language-agnostic Ab-
stract Syntax Tree (AST) and o�ers transformation passes.
As the only other IR, CoreIR focuses on adding formal ver-
i�cation support to HDLs. No other IR is Turing-complete,
which is essential to represent arbitrary reference models
and veri�cation constructs. FIRRTL provides limited support
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Table 2. Evaluation of the simulation performance of
LLHD. We compare the LLHD reference interpreter to a
JIT-accelerated LLHD simulator and to a commercial simu-
lator. The former two operate on unoptimized LLHD code
as emitted by the Moore frontend with the -O0 �ag. We list
the lines of code “LoC” and executed clock “cycles” to pro-
vide an indication for the design and simulation complexity.
Traces match between the two simulators for all designs. See
Section 6.1 for a detailed description.

Sim. Time [s]
Design LoC Cycles Int.1 JIT2 Comm.3

Gray Enc./Dec. 17 12.6M 9740 6.33 6.07
FIR Filter 20 5M 4430 10.35 14.60
LFSR 30 10M 2350 14.53 14.10
Leading Zero C. 52 1M 11000 3.23 7.84
FIFO Queue 102 1M 1370 5.92 5.55
CDC (Gray) 108 1M 1380 8.72 6.45
CDC (strobe) 122 3.5M 1570 9.39 6.11
RR Arbiter 159 5M 49400 10.92 25.54
Stream Delayer 219 2.5M 477 4.28 4.99
RISC-V Core 3479 1M 24000 23.44 4.47

1 LLHD reference interpreter (LLHD-Sim), extrapolated;
2 JIT-accelerated simulator (LLHD-Blaze);
3 Commercial HDL simulator

Table 3. Comparison against other hardware-targeted inter-
mediate representations. Most other IRs are geared towards
synthesis and the resulting netlists. See Section 6.2 for a
detailed description.
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LLHD [us] 3 X X X X X X X
FIRRTL [14] 3† – – – – – X X
CoreIR [19] 1 – X – – – X –
�IR [24] 1 – – – – – X –
RTLIL [30] 1 – – – X X X –
LNAST [28] 1 – – – – X – –
LGraph [27] 1 – – – – – X X
netlistDB [6] 1 – – – – – X X

† Mentioned conceptually but not de�ned precisely

for all designs. That is, even with a simple prototype imple-
mentation of Moore and LLHD, we can fully and correctly
represent a RISC-V processor in Behavioural LLHD.

JIT compilation provides an opportunity to massively ac-
celerate LLHD simulation. For this, we map LLHD to LLVM
IR and then use LLVM to optimize for execution on the simu-
lation machine. This makes LLHD-Blaze (“JIT”) competitive
with commercial simulators, even though the former is a pro-
totype whereas the latter have been optimized for decades.
In some cases, LLHD-Blaze is already up to 2.4⇥ faster than
commercial simulators.
These bene�ts manifest themselves even on entirely un-

optimized LLHD code as it is emitted by Moore with the
-O0 �ag, comparable to Clang’s equivalent. We expect the
discrepancies between LLHD-Blaze and the commercial sim-
ulator to disappear as we add optimizations to the simulator
in the future. This will especially a�ect complex benchmarks
such as the RISC-V core, where the lack of code optimization
currently incurs signi�cant overheads. Note that the lines
of SystemVerilog code and simulation cycles do not always
fully portray the complexity of a design: some SystemVerilog
constructs can produce signi�cantly more LLHD code than
others, leading to signi�cant di�erences in simulation time.

Much of the complexity and engineering e�ort of our work
lies in Moore, the HDL compiler frontend, which tackles
the extensive SystemVerilog standard. Further extensions
of Moore to implement additional SystemVerilog constructs
can vastly increase the scope of designs that can be mapped
to LLHD. Once a design is in LLHD, simulating it correctly
is trivial.

6.2 Comparison with other Hardware IRs
LLHD is not the �rst IR targeted at hardware design. How-
ever, to our knowledge it is the �rst multi-level IR capable of
capturing a design throughout the entire hardware design
�ow, from simulation to synthesized netlist. Table 3 com-
pares the part of the design �ow covered by LLHD and other
IRs. We observe that almost all other IRs support structural
descriptions of circuits and many IRs support representing
a synthesized netlist. This is due to the fact that most of
them were designed as synthesis IRs to capture and apply
transformations before and after synthesis. A notable ex-
ample is FIRRTL, which acts as an interface between the
Chisel [7] frontend and subsequent synthesis. As the only
other IR, FIRRTL de�nes multiple levels of abstraction to-
gether with transformations to lower designs from higher
to lower levels. �IR is designed to capture entire accelerator
architectures as structural description and caters more to an
HLS �ow. RTLIL and LNAST both support the behavioural
description of circuits. RTLIL is geared towards simplify-
ing Verilog input to make it amenable for synthesis. LNAST
represents behavioural HDL code as language-agnostic Ab-
stract Syntax Tree (AST) and o�ers transformation passes.
As the only other IR, CoreIR focuses on adding formal ver-
i�cation support to HDLs. No other IR is Turing-complete,
which is essential to represent arbitrary reference models
and veri�cation constructs. FIRRTL provides limited support



Other Hardware IRs

› All vendor tools have IRs; not considered
› Most IRs built for synthesizers / placers
› Focus on structural circuits and netlist
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Table 2. Evaluation of the simulation performance of
LLHD. We compare the LLHD reference interpreter to a
JIT-accelerated LLHD simulator and to a commercial simu-
lator. The former two operate on unoptimized LLHD code
as emitted by the Moore frontend with the -O0 �ag. We list
the lines of code “LoC” and executed clock “cycles” to pro-
vide an indication for the design and simulation complexity.
Traces match between the two simulators for all designs. See
Section 6.1 for a detailed description.

Sim. Time [s]
Design LoC Cycles Int.1 JIT2 Comm.3

Gray Enc./Dec. 17 12.6M 9740 6.33 6.07
FIR Filter 20 5M 4430 10.35 14.60
LFSR 30 10M 2350 14.53 14.10
Leading Zero C. 52 1M 11000 3.23 7.84
FIFO Queue 102 1M 1370 5.92 5.55
CDC (Gray) 108 1M 1380 8.72 6.45
CDC (strobe) 122 3.5M 1570 9.39 6.11
RR Arbiter 159 5M 49400 10.92 25.54
Stream Delayer 219 2.5M 477 4.28 4.99
RISC-V Core 3479 1M 24000 23.44 4.47

1 LLHD reference interpreter (LLHD-Sim), extrapolated;
2 JIT-accelerated simulator (LLHD-Blaze);
3 Commercial HDL simulator

Table 3. Comparison against other hardware-targeted inter-
mediate representations. Most other IRs are geared towards
synthesis and the resulting netlists. See Section 6.2 for a
detailed description.
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LLHD [us] 3 X X X X X X X
FIRRTL [14] 3† – – – – – X X
CoreIR [19] 1 – X – – – X –
�IR [24] 1 – – – – – X –
RTLIL [30] 1 – – – X X X –
LNAST [28] 1 – – – – X – –
LGraph [27] 1 – – – – – X X
netlistDB [6] 1 – – – – – X X

† Mentioned conceptually but not de�ned precisely

for all designs. That is, even with a simple prototype imple-
mentation of Moore and LLHD, we can fully and correctly
represent a RISC-V processor in Behavioural LLHD.

JIT compilation provides an opportunity to massively ac-
celerate LLHD simulation. For this, we map LLHD to LLVM
IR and then use LLVM to optimize for execution on the simu-
lation machine. This makes LLHD-Blaze (“JIT”) competitive
with commercial simulators, even though the former is a pro-
totype whereas the latter have been optimized for decades.
In some cases, LLHD-Blaze is already up to 2.4⇥ faster than
commercial simulators.
These bene�ts manifest themselves even on entirely un-

optimized LLHD code as it is emitted by Moore with the
-O0 �ag, comparable to Clang’s equivalent. We expect the
discrepancies between LLHD-Blaze and the commercial sim-
ulator to disappear as we add optimizations to the simulator
in the future. This will especially a�ect complex benchmarks
such as the RISC-V core, where the lack of code optimization
currently incurs signi�cant overheads. Note that the lines
of SystemVerilog code and simulation cycles do not always
fully portray the complexity of a design: some SystemVerilog
constructs can produce signi�cantly more LLHD code than
others, leading to signi�cant di�erences in simulation time.

Much of the complexity and engineering e�ort of our work
lies in Moore, the HDL compiler frontend, which tackles
the extensive SystemVerilog standard. Further extensions
of Moore to implement additional SystemVerilog constructs
can vastly increase the scope of designs that can be mapped
to LLHD. Once a design is in LLHD, simulating it correctly
is trivial.

6.2 Comparison with other Hardware IRs
LLHD is not the �rst IR targeted at hardware design. How-
ever, to our knowledge it is the �rst multi-level IR capable of
capturing a design throughout the entire hardware design
�ow, from simulation to synthesized netlist. Table 3 com-
pares the part of the design �ow covered by LLHD and other
IRs. We observe that almost all other IRs support structural
descriptions of circuits and many IRs support representing
a synthesized netlist. This is due to the fact that most of
them were designed as synthesis IRs to capture and apply
transformations before and after synthesis. A notable ex-
ample is FIRRTL, which acts as an interface between the
Chisel [7] frontend and subsequent synthesis. As the only
other IR, FIRRTL de�nes multiple levels of abstraction to-
gether with transformations to lower designs from higher
to lower levels. �IR is designed to capture entire accelerator
architectures as structural description and caters more to an
HLS �ow. RTLIL and LNAST both support the behavioural
description of circuits. RTLIL is geared towards simplify-
ing Verilog input to make it amenable for synthesis. LNAST
represents behavioural HDL code as language-agnostic Ab-
stract Syntax Tree (AST) and o�ers transformation passes.
As the only other IR, CoreIR focuses on adding formal ver-
i�cation support to HDLs. No other IR is Turing-complete,
which is essential to represent arbitrary reference models
and veri�cation constructs. FIRRTL provides limited support



Other Hardware IRs

› All vendor tools have IRs; not considered
› Most IRs built for synthesizers / placers
› Focus on structural circuits and netlist
› A few have limited support for: 

› Behavioural/verification constructs 
› 4-valued logic
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Table 2. Evaluation of the simulation performance of
LLHD. We compare the LLHD reference interpreter to a
JIT-accelerated LLHD simulator and to a commercial simu-
lator. The former two operate on unoptimized LLHD code
as emitted by the Moore frontend with the -O0 �ag. We list
the lines of code “LoC” and executed clock “cycles” to pro-
vide an indication for the design and simulation complexity.
Traces match between the two simulators for all designs. See
Section 6.1 for a detailed description.

Sim. Time [s]
Design LoC Cycles Int.1 JIT2 Comm.3

Gray Enc./Dec. 17 12.6M 9740 6.33 6.07
FIR Filter 20 5M 4430 10.35 14.60
LFSR 30 10M 2350 14.53 14.10
Leading Zero C. 52 1M 11000 3.23 7.84
FIFO Queue 102 1M 1370 5.92 5.55
CDC (Gray) 108 1M 1380 8.72 6.45
CDC (strobe) 122 3.5M 1570 9.39 6.11
RR Arbiter 159 5M 49400 10.92 25.54
Stream Delayer 219 2.5M 477 4.28 4.99
RISC-V Core 3479 1M 24000 23.44 4.47

1 LLHD reference interpreter (LLHD-Sim), extrapolated;
2 JIT-accelerated simulator (LLHD-Blaze);
3 Commercial HDL simulator

Table 3. Comparison against other hardware-targeted inter-
mediate representations. Most other IRs are geared towards
synthesis and the resulting netlists. See Section 6.2 for a
detailed description.
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LLHD [us] 3 X X X X X X X
FIRRTL [14] 3† – – – – – X X
CoreIR [19] 1 – X – – – X –
�IR [24] 1 – – – – – X –
RTLIL [30] 1 – – – X X X –
LNAST [28] 1 – – – – X – –
LGraph [27] 1 – – – – – X X
netlistDB [6] 1 – – – – – X X

† Mentioned conceptually but not de�ned precisely

for all designs. That is, even with a simple prototype imple-
mentation of Moore and LLHD, we can fully and correctly
represent a RISC-V processor in Behavioural LLHD.

JIT compilation provides an opportunity to massively ac-
celerate LLHD simulation. For this, we map LLHD to LLVM
IR and then use LLVM to optimize for execution on the simu-
lation machine. This makes LLHD-Blaze (“JIT”) competitive
with commercial simulators, even though the former is a pro-
totype whereas the latter have been optimized for decades.
In some cases, LLHD-Blaze is already up to 2.4⇥ faster than
commercial simulators.
These bene�ts manifest themselves even on entirely un-

optimized LLHD code as it is emitted by Moore with the
-O0 �ag, comparable to Clang’s equivalent. We expect the
discrepancies between LLHD-Blaze and the commercial sim-
ulator to disappear as we add optimizations to the simulator
in the future. This will especially a�ect complex benchmarks
such as the RISC-V core, where the lack of code optimization
currently incurs signi�cant overheads. Note that the lines
of SystemVerilog code and simulation cycles do not always
fully portray the complexity of a design: some SystemVerilog
constructs can produce signi�cantly more LLHD code than
others, leading to signi�cant di�erences in simulation time.

Much of the complexity and engineering e�ort of our work
lies in Moore, the HDL compiler frontend, which tackles
the extensive SystemVerilog standard. Further extensions
of Moore to implement additional SystemVerilog constructs
can vastly increase the scope of designs that can be mapped
to LLHD. Once a design is in LLHD, simulating it correctly
is trivial.

6.2 Comparison with other Hardware IRs
LLHD is not the �rst IR targeted at hardware design. How-
ever, to our knowledge it is the �rst multi-level IR capable of
capturing a design throughout the entire hardware design
�ow, from simulation to synthesized netlist. Table 3 com-
pares the part of the design �ow covered by LLHD and other
IRs. We observe that almost all other IRs support structural
descriptions of circuits and many IRs support representing
a synthesized netlist. This is due to the fact that most of
them were designed as synthesis IRs to capture and apply
transformations before and after synthesis. A notable ex-
ample is FIRRTL, which acts as an interface between the
Chisel [7] frontend and subsequent synthesis. As the only
other IR, FIRRTL de�nes multiple levels of abstraction to-
gether with transformations to lower designs from higher
to lower levels. �IR is designed to capture entire accelerator
architectures as structural description and caters more to an
HLS �ow. RTLIL and LNAST both support the behavioural
description of circuits. RTLIL is geared towards simplify-
ing Verilog input to make it amenable for synthesis. LNAST
represents behavioural HDL code as language-agnostic Ab-
stract Syntax Tree (AST) and o�ers transformation passes.
As the only other IR, CoreIR focuses on adding formal ver-
i�cation support to HDLs. No other IR is Turing-complete,
which is essential to represent arbitrary reference models
and veri�cation constructs. FIRRTL provides limited support



Other Hardware IRs

› All vendor tools have IRs; not considered
› Most IRs built for synthesizers / placers
› Focus on structural circuits and netlist
› A few have limited support for: 

› Behavioural/verification constructs 
› 4-valued logic

› None support 9-valued logic 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Table 2. Evaluation of the simulation performance of
LLHD. We compare the LLHD reference interpreter to a
JIT-accelerated LLHD simulator and to a commercial simu-
lator. The former two operate on unoptimized LLHD code
as emitted by the Moore frontend with the -O0 �ag. We list
the lines of code “LoC” and executed clock “cycles” to pro-
vide an indication for the design and simulation complexity.
Traces match between the two simulators for all designs. See
Section 6.1 for a detailed description.

Sim. Time [s]
Design LoC Cycles Int.1 JIT2 Comm.3

Gray Enc./Dec. 17 12.6M 9740 6.33 6.07
FIR Filter 20 5M 4430 10.35 14.60
LFSR 30 10M 2350 14.53 14.10
Leading Zero C. 52 1M 11000 3.23 7.84
FIFO Queue 102 1M 1370 5.92 5.55
CDC (Gray) 108 1M 1380 8.72 6.45
CDC (strobe) 122 3.5M 1570 9.39 6.11
RR Arbiter 159 5M 49400 10.92 25.54
Stream Delayer 219 2.5M 477 4.28 4.99
RISC-V Core 3479 1M 24000 23.44 4.47

1 LLHD reference interpreter (LLHD-Sim), extrapolated;
2 JIT-accelerated simulator (LLHD-Blaze);
3 Commercial HDL simulator

Table 3. Comparison against other hardware-targeted inter-
mediate representations. Most other IRs are geared towards
synthesis and the resulting netlists. See Section 6.2 for a
detailed description.
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LLHD [us] 3 X X X X X X X
FIRRTL [14] 3† – – – – – X X
CoreIR [19] 1 – X – – – X –
�IR [24] 1 – – – – – X –
RTLIL [30] 1 – – – X X X –
LNAST [28] 1 – – – – X – –
LGraph [27] 1 – – – – – X X
netlistDB [6] 1 – – – – – X X

† Mentioned conceptually but not de�ned precisely

for all designs. That is, even with a simple prototype imple-
mentation of Moore and LLHD, we can fully and correctly
represent a RISC-V processor in Behavioural LLHD.

JIT compilation provides an opportunity to massively ac-
celerate LLHD simulation. For this, we map LLHD to LLVM
IR and then use LLVM to optimize for execution on the simu-
lation machine. This makes LLHD-Blaze (“JIT”) competitive
with commercial simulators, even though the former is a pro-
totype whereas the latter have been optimized for decades.
In some cases, LLHD-Blaze is already up to 2.4⇥ faster than
commercial simulators.
These bene�ts manifest themselves even on entirely un-

optimized LLHD code as it is emitted by Moore with the
-O0 �ag, comparable to Clang’s equivalent. We expect the
discrepancies between LLHD-Blaze and the commercial sim-
ulator to disappear as we add optimizations to the simulator
in the future. This will especially a�ect complex benchmarks
such as the RISC-V core, where the lack of code optimization
currently incurs signi�cant overheads. Note that the lines
of SystemVerilog code and simulation cycles do not always
fully portray the complexity of a design: some SystemVerilog
constructs can produce signi�cantly more LLHD code than
others, leading to signi�cant di�erences in simulation time.

Much of the complexity and engineering e�ort of our work
lies in Moore, the HDL compiler frontend, which tackles
the extensive SystemVerilog standard. Further extensions
of Moore to implement additional SystemVerilog constructs
can vastly increase the scope of designs that can be mapped
to LLHD. Once a design is in LLHD, simulating it correctly
is trivial.

6.2 Comparison with other Hardware IRs
LLHD is not the �rst IR targeted at hardware design. How-
ever, to our knowledge it is the �rst multi-level IR capable of
capturing a design throughout the entire hardware design
�ow, from simulation to synthesized netlist. Table 3 com-
pares the part of the design �ow covered by LLHD and other
IRs. We observe that almost all other IRs support structural
descriptions of circuits and many IRs support representing
a synthesized netlist. This is due to the fact that most of
them were designed as synthesis IRs to capture and apply
transformations before and after synthesis. A notable ex-
ample is FIRRTL, which acts as an interface between the
Chisel [7] frontend and subsequent synthesis. As the only
other IR, FIRRTL de�nes multiple levels of abstraction to-
gether with transformations to lower designs from higher
to lower levels. �IR is designed to capture entire accelerator
architectures as structural description and caters more to an
HLS �ow. RTLIL and LNAST both support the behavioural
description of circuits. RTLIL is geared towards simplify-
ing Verilog input to make it amenable for synthesis. LNAST
represents behavioural HDL code as language-agnostic Ab-
stract Syntax Tree (AST) and o�ers transformation passes.
As the only other IR, CoreIR focuses on adding formal ver-
i�cation support to HDLs. No other IR is Turing-complete,
which is essential to represent arbitrary reference models
and veri�cation constructs. FIRRTL provides limited support



Other Hardware IRs

› All vendor tools have IRs; not considered
› Most IRs built for synthesizers / placers
› Focus on structural circuits and netlist
› A few have limited support for: 

› Behavioural/verification constructs 
› 4-valued logic

› None support 9-valued logic 

› LLHD is the only IR that is: 
› Turing-complete 
› Built for the entire design flow
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Table 2. Evaluation of the simulation performance of
LLHD. We compare the LLHD reference interpreter to a
JIT-accelerated LLHD simulator and to a commercial simu-
lator. The former two operate on unoptimized LLHD code
as emitted by the Moore frontend with the -O0 �ag. We list
the lines of code “LoC” and executed clock “cycles” to pro-
vide an indication for the design and simulation complexity.
Traces match between the two simulators for all designs. See
Section 6.1 for a detailed description.

Sim. Time [s]
Design LoC Cycles Int.1 JIT2 Comm.3

Gray Enc./Dec. 17 12.6M 9740 6.33 6.07
FIR Filter 20 5M 4430 10.35 14.60
LFSR 30 10M 2350 14.53 14.10
Leading Zero C. 52 1M 11000 3.23 7.84
FIFO Queue 102 1M 1370 5.92 5.55
CDC (Gray) 108 1M 1380 8.72 6.45
CDC (strobe) 122 3.5M 1570 9.39 6.11
RR Arbiter 159 5M 49400 10.92 25.54
Stream Delayer 219 2.5M 477 4.28 4.99
RISC-V Core 3479 1M 24000 23.44 4.47

1 LLHD reference interpreter (LLHD-Sim), extrapolated;
2 JIT-accelerated simulator (LLHD-Blaze);
3 Commercial HDL simulator

Table 3. Comparison against other hardware-targeted inter-
mediate representations. Most other IRs are geared towards
synthesis and the resulting netlists. See Section 6.2 for a
detailed description.
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LLHD [us] 3 X X X X X X X
FIRRTL [14] 3† – – – – – X X
CoreIR [19] 1 – X – – – X –
�IR [24] 1 – – – – – X –
RTLIL [30] 1 – – – X X X –
LNAST [28] 1 – – – – X – –
LGraph [27] 1 – – – – – X X
netlistDB [6] 1 – – – – – X X

† Mentioned conceptually but not de�ned precisely

for all designs. That is, even with a simple prototype imple-
mentation of Moore and LLHD, we can fully and correctly
represent a RISC-V processor in Behavioural LLHD.

JIT compilation provides an opportunity to massively ac-
celerate LLHD simulation. For this, we map LLHD to LLVM
IR and then use LLVM to optimize for execution on the simu-
lation machine. This makes LLHD-Blaze (“JIT”) competitive
with commercial simulators, even though the former is a pro-
totype whereas the latter have been optimized for decades.
In some cases, LLHD-Blaze is already up to 2.4⇥ faster than
commercial simulators.
These bene�ts manifest themselves even on entirely un-

optimized LLHD code as it is emitted by Moore with the
-O0 �ag, comparable to Clang’s equivalent. We expect the
discrepancies between LLHD-Blaze and the commercial sim-
ulator to disappear as we add optimizations to the simulator
in the future. This will especially a�ect complex benchmarks
such as the RISC-V core, where the lack of code optimization
currently incurs signi�cant overheads. Note that the lines
of SystemVerilog code and simulation cycles do not always
fully portray the complexity of a design: some SystemVerilog
constructs can produce signi�cantly more LLHD code than
others, leading to signi�cant di�erences in simulation time.

Much of the complexity and engineering e�ort of our work
lies in Moore, the HDL compiler frontend, which tackles
the extensive SystemVerilog standard. Further extensions
of Moore to implement additional SystemVerilog constructs
can vastly increase the scope of designs that can be mapped
to LLHD. Once a design is in LLHD, simulating it correctly
is trivial.

6.2 Comparison with other Hardware IRs
LLHD is not the �rst IR targeted at hardware design. How-
ever, to our knowledge it is the �rst multi-level IR capable of
capturing a design throughout the entire hardware design
�ow, from simulation to synthesized netlist. Table 3 com-
pares the part of the design �ow covered by LLHD and other
IRs. We observe that almost all other IRs support structural
descriptions of circuits and many IRs support representing
a synthesized netlist. This is due to the fact that most of
them were designed as synthesis IRs to capture and apply
transformations before and after synthesis. A notable ex-
ample is FIRRTL, which acts as an interface between the
Chisel [7] frontend and subsequent synthesis. As the only
other IR, FIRRTL de�nes multiple levels of abstraction to-
gether with transformations to lower designs from higher
to lower levels. �IR is designed to capture entire accelerator
architectures as structural description and caters more to an
HLS �ow. RTLIL and LNAST both support the behavioural
description of circuits. RTLIL is geared towards simplify-
ing Verilog input to make it amenable for synthesis. LNAST
represents behavioural HDL code as language-agnostic Ab-
stract Syntax Tree (AST) and o�ers transformation passes.
As the only other IR, CoreIR focuses on adding formal ver-
i�cation support to HDLs. No other IR is Turing-complete,
which is essential to represent arbitrary reference models
and veri�cation constructs. FIRRTL provides limited support
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Table 4. Size e�ciency of the human-readable text repre-
sentation, an estimate of a prospective bitcode, and the in-
memory data structures of LLHD. See § 6.3 for details.

SV LLHD [kB]

Design [kB] Text Bitcode1 In-Mem.

Gray Enc./Dec. 3.0 11.9 3.6 41.8
FIR Filter 1.2 12.9 3.8 46.7
LFSR 2.4 4.9 1.8 18.4
Leading Zero C. 4.6 97.4 21.8 309.1
FIFO Queue 7.1 20.5 6.5 71.3
CDC (Gray) 8.5 38.1 12.5 129.5
CDC (strobe) 6.3 17.7 6.0 63.3
RR Arbiter 11.2 39.4 9.9 129.8
Stream Delayer 12.2 18.7 6.7 68.6
RISC-V Core 174.4 349.4 93.6 1096.3

1 estimated

for testbench constructs in the form of message logging and
clocking control.

LLHD covers all stages of the �ow: Behavioural LLHD cap-
tures testbench, veri�cation, and behavioural circuit descrip-
tions, to facilitate interfacing with HDLs; Structural LLHD
captures circuits structurally, to interface with synthesis and
low-level circuit analysis and transformation tools; and Net-
list LLHD represents the individual gates of a �nalized circuit.
Hence LLHD is the only IR capable of representing the full
semantics of the SystemVerilog/VHDL input language for
the full hardware design �ow.

6.3 Size E�ciency
An important aspect of a hardware IR is how e�ciently it
captures a design in terms of memory used, both in on-disk
and in-memory representations. Table 4 shows the size in
kB occupied by the previously introduced designs.
For on-disk representations, we consider the SystemVer-

ilog HDL code as a baseline (�rst numeric column). First, we
observe that the unoptimized LLHD text (second column)
emitted by the Moore compiler using the -O0 �ag (equivalent
to the corresponding Clang/GCC �ag) is signi�cantly larger
than SystemVerilog. This is due to the fact that Moore tries to
keep code generation as simple as possible and emits numer-
ous redundant operations. Furthermore, many operations
which are implicit in SystemVerilog, for example, expression
type casts and value truncation/extension, require explicit
annotation in LLHD. Future optimizations can reduce re-
dundant operations and produce more compact instructions,
which we expect to be signi�cantly smaller. Utilizing a bi-
nary “bitcode” representation (third column) instead can
greatly reduce the on-disk size of the design, such that com-
piled HDL input represented as LLHD unoptimized bitcode is

already comparable in size to the input source code. The bit-
code itself is not yet implemented. Sizes are estimated based
on a strategy similar to LLVM’s bitcode, considering tech-
niques such as run-length encoding for numbers, interning
of strings and types, compact encodings for frequently-used
primitive types and value references. This makes LLHD a
viable format to transport a design into the initial stages of
the design �ow, such as testbenches and simulation, formal
veri�cation, and synthesis.

The in-memory size of an IR (last column of Table 4) is
even more important for transformation and optimization
passes. While there is no baseline for this, we observe that
even a full RISC-V core only requires 1MB of memory. As the
in-memory complexity scales linearly with the complexity
of the design, we argue that representing even entire System
on Chip (SoC) designs with hundreds of CPU cores will be
feasible with tens of gigabytes of memory, which is fully
viable for today’s workstations.

7 Related Work
Intermediate representations are an established and very suc-
cessful concept both for representing imperative programs
and the design of hardware circuits. This work has been in
development over the past three years and predates e�orts
such as MLIR [17], which aims at providing a unifying frame-
work for de�ning compiler IRs. The proposed concepts can
likely be expressed in MLIR.

7.1 Compiler Intermediate Representations
Since the early days of compilers and program optimiza-
tions it has been clear that in the process of translating a
computer program to machine code the program passes a va-
riety of di�erent representations [22]. Machine-independent
internal program representations have been discussed as
early as 1979 in the PQCC project [9, 23] which introduced a
tree-structured common optimization language (TCOL) and
showed its use in an optimizing Ada compiler. Intermedi-
ate representations are standard in most compilers today.
Functional programming languages often use continuation-
passing style representations [25]. For imperative program-
ming languages, SSA-based intermediate representations [5,
12] have shown most successful, and are used in large com-
piler infrastructures such as LLVM [16], GCC [20], but also
research compilers such as Cetus [15].While most SSA-based
compilers today use the concept of imperative branching
transitioning between sequences of instruction blocks, Click
and Cooper [11] removed this restriction by introducing the
sea-of-nodes concept of graph-based intermediate languages
where all freely �oating instructions are only constrained by
explicit control and data dependences. This concept is used
in research compilers such as lib�rm [8] or Google’s Turbo-
Fan JavaScript compiler.3 While the above approaches have

3h�p://v8.dev
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Table 4. Size e�ciency of the human-readable text repre-
sentation, an estimate of a prospective bitcode, and the in-
memory data structures of LLHD. See § 6.3 for details.

SV LLHD [kB]

Design [kB] Text Bitcode1 In-Mem.

Gray Enc./Dec. 3.0 11.9 3.6 41.8
FIR Filter 1.2 12.9 3.8 46.7
LFSR 2.4 4.9 1.8 18.4
Leading Zero C. 4.6 97.4 21.8 309.1
FIFO Queue 7.1 20.5 6.5 71.3
CDC (Gray) 8.5 38.1 12.5 129.5
CDC (strobe) 6.3 17.7 6.0 63.3
RR Arbiter 11.2 39.4 9.9 129.8
Stream Delayer 12.2 18.7 6.7 68.6
RISC-V Core 174.4 349.4 93.6 1096.3

1 estimated

for testbench constructs in the form of message logging and
clocking control.

LLHD covers all stages of the �ow: Behavioural LLHD cap-
tures testbench, veri�cation, and behavioural circuit descrip-
tions, to facilitate interfacing with HDLs; Structural LLHD
captures circuits structurally, to interface with synthesis and
low-level circuit analysis and transformation tools; and Net-
list LLHD represents the individual gates of a �nalized circuit.
Hence LLHD is the only IR capable of representing the full
semantics of the SystemVerilog/VHDL input language for
the full hardware design �ow.

6.3 Size E�ciency
An important aspect of a hardware IR is how e�ciently it
captures a design in terms of memory used, both in on-disk
and in-memory representations. Table 4 shows the size in
kB occupied by the previously introduced designs.
For on-disk representations, we consider the SystemVer-

ilog HDL code as a baseline (�rst numeric column). First, we
observe that the unoptimized LLHD text (second column)
emitted by the Moore compiler using the -O0 �ag (equivalent
to the corresponding Clang/GCC �ag) is signi�cantly larger
than SystemVerilog. This is due to the fact that Moore tries to
keep code generation as simple as possible and emits numer-
ous redundant operations. Furthermore, many operations
which are implicit in SystemVerilog, for example, expression
type casts and value truncation/extension, require explicit
annotation in LLHD. Future optimizations can reduce re-
dundant operations and produce more compact instructions,
which we expect to be signi�cantly smaller. Utilizing a bi-
nary “bitcode” representation (third column) instead can
greatly reduce the on-disk size of the design, such that com-
piled HDL input represented as LLHD unoptimized bitcode is

already comparable in size to the input source code. The bit-
code itself is not yet implemented. Sizes are estimated based
on a strategy similar to LLVM’s bitcode, considering tech-
niques such as run-length encoding for numbers, interning
of strings and types, compact encodings for frequently-used
primitive types and value references. This makes LLHD a
viable format to transport a design into the initial stages of
the design �ow, such as testbenches and simulation, formal
veri�cation, and synthesis.

The in-memory size of an IR (last column of Table 4) is
even more important for transformation and optimization
passes. While there is no baseline for this, we observe that
even a full RISC-V core only requires 1MB of memory. As the
in-memory complexity scales linearly with the complexity
of the design, we argue that representing even entire System
on Chip (SoC) designs with hundreds of CPU cores will be
feasible with tens of gigabytes of memory, which is fully
viable for today’s workstations.

7 Related Work
Intermediate representations are an established and very suc-
cessful concept both for representing imperative programs
and the design of hardware circuits. This work has been in
development over the past three years and predates e�orts
such as MLIR [17], which aims at providing a unifying frame-
work for de�ning compiler IRs. The proposed concepts can
likely be expressed in MLIR.

7.1 Compiler Intermediate Representations
Since the early days of compilers and program optimiza-
tions it has been clear that in the process of translating a
computer program to machine code the program passes a va-
riety of di�erent representations [22]. Machine-independent
internal program representations have been discussed as
early as 1979 in the PQCC project [9, 23] which introduced a
tree-structured common optimization language (TCOL) and
showed its use in an optimizing Ada compiler. Intermedi-
ate representations are standard in most compilers today.
Functional programming languages often use continuation-
passing style representations [25]. For imperative program-
ming languages, SSA-based intermediate representations [5,
12] have shown most successful, and are used in large com-
piler infrastructures such as LLVM [16], GCC [20], but also
research compilers such as Cetus [15].While most SSA-based
compilers today use the concept of imperative branching
transitioning between sequences of instruction blocks, Click
and Cooper [11] removed this restriction by introducing the
sea-of-nodes concept of graph-based intermediate languages
where all freely �oating instructions are only constrained by
explicit control and data dependences. This concept is used
in research compilers such as lib�rm [8] or Google’s Turbo-
Fan JavaScript compiler.3 While the above approaches have
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Table 4. Size e�ciency of the human-readable text repre-
sentation, an estimate of a prospective bitcode, and the in-
memory data structures of LLHD. See § 6.3 for details.

SV LLHD [kB]

Design [kB] Text Bitcode1 In-Mem.

Gray Enc./Dec. 3.0 11.9 3.6 41.8
FIR Filter 1.2 12.9 3.8 46.7
LFSR 2.4 4.9 1.8 18.4
Leading Zero C. 4.6 97.4 21.8 309.1
FIFO Queue 7.1 20.5 6.5 71.3
CDC (Gray) 8.5 38.1 12.5 129.5
CDC (strobe) 6.3 17.7 6.0 63.3
RR Arbiter 11.2 39.4 9.9 129.8
Stream Delayer 12.2 18.7 6.7 68.6
RISC-V Core 174.4 349.4 93.6 1096.3

1 estimated

for testbench constructs in the form of message logging and
clocking control.

LLHD covers all stages of the �ow: Behavioural LLHD cap-
tures testbench, veri�cation, and behavioural circuit descrip-
tions, to facilitate interfacing with HDLs; Structural LLHD
captures circuits structurally, to interface with synthesis and
low-level circuit analysis and transformation tools; and Net-
list LLHD represents the individual gates of a �nalized circuit.
Hence LLHD is the only IR capable of representing the full
semantics of the SystemVerilog/VHDL input language for
the full hardware design �ow.

6.3 Size E�ciency
An important aspect of a hardware IR is how e�ciently it
captures a design in terms of memory used, both in on-disk
and in-memory representations. Table 4 shows the size in
kB occupied by the previously introduced designs.
For on-disk representations, we consider the SystemVer-

ilog HDL code as a baseline (�rst numeric column). First, we
observe that the unoptimized LLHD text (second column)
emitted by the Moore compiler using the -O0 �ag (equivalent
to the corresponding Clang/GCC �ag) is signi�cantly larger
than SystemVerilog. This is due to the fact that Moore tries to
keep code generation as simple as possible and emits numer-
ous redundant operations. Furthermore, many operations
which are implicit in SystemVerilog, for example, expression
type casts and value truncation/extension, require explicit
annotation in LLHD. Future optimizations can reduce re-
dundant operations and produce more compact instructions,
which we expect to be signi�cantly smaller. Utilizing a bi-
nary “bitcode” representation (third column) instead can
greatly reduce the on-disk size of the design, such that com-
piled HDL input represented as LLHD unoptimized bitcode is

already comparable in size to the input source code. The bit-
code itself is not yet implemented. Sizes are estimated based
on a strategy similar to LLVM’s bitcode, considering tech-
niques such as run-length encoding for numbers, interning
of strings and types, compact encodings for frequently-used
primitive types and value references. This makes LLHD a
viable format to transport a design into the initial stages of
the design �ow, such as testbenches and simulation, formal
veri�cation, and synthesis.

The in-memory size of an IR (last column of Table 4) is
even more important for transformation and optimization
passes. While there is no baseline for this, we observe that
even a full RISC-V core only requires 1MB of memory. As the
in-memory complexity scales linearly with the complexity
of the design, we argue that representing even entire System
on Chip (SoC) designs with hundreds of CPU cores will be
feasible with tens of gigabytes of memory, which is fully
viable for today’s workstations.

7 Related Work
Intermediate representations are an established and very suc-
cessful concept both for representing imperative programs
and the design of hardware circuits. This work has been in
development over the past three years and predates e�orts
such as MLIR [17], which aims at providing a unifying frame-
work for de�ning compiler IRs. The proposed concepts can
likely be expressed in MLIR.

7.1 Compiler Intermediate Representations
Since the early days of compilers and program optimiza-
tions it has been clear that in the process of translating a
computer program to machine code the program passes a va-
riety of di�erent representations [22]. Machine-independent
internal program representations have been discussed as
early as 1979 in the PQCC project [9, 23] which introduced a
tree-structured common optimization language (TCOL) and
showed its use in an optimizing Ada compiler. Intermedi-
ate representations are standard in most compilers today.
Functional programming languages often use continuation-
passing style representations [25]. For imperative program-
ming languages, SSA-based intermediate representations [5,
12] have shown most successful, and are used in large com-
piler infrastructures such as LLVM [16], GCC [20], but also
research compilers such as Cetus [15].While most SSA-based
compilers today use the concept of imperative branching
transitioning between sequences of instruction blocks, Click
and Cooper [11] removed this restriction by introducing the
sea-of-nodes concept of graph-based intermediate languages
where all freely �oating instructions are only constrained by
explicit control and data dependences. This concept is used
in research compilers such as lib�rm [8] or Google’s Turbo-
Fan JavaScript compiler.3 While the above approaches have
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Check out the artifact docker image 🐳 

Online Playground and Language Reference: 
› llhd.io 

Repositories and Issue Trackers: 
› github.com/fabianschuiki/llhd 
› github.com/fabianschuiki/llhd-sim 
› github.com/fabianschuiki/moore 

Or take a plunge: 
› git clone https://github.com/fabianschuiki/moore 

cd moore 
cargo install

Thanks!

http://llhd.io
http://github.com/fabianschuiki/llhd
http://github.com/fabianschuiki/llhd-sim
http://github.com/fabianschuiki/moore
http://llhd.io
http://github.com/fabianschuiki/llhd
http://github.com/fabianschuiki/llhd-sim
http://github.com/fabianschuiki/moore

