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AI agents struggle to understand hardware designs. 

We hypothesize agents can build better Design 
Understanding through Experimentation and Testing (DUET) 

using simulators, waveform viewers, and other tools.

We demonstrate that the DUET methodology improves 
agents’ ability on downstream tasks.
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AI agents are becoming more and 
more common.



Beyond just a simple chat interface, AI agents run on your machine, 
allowing them to automate local (or even remote) development tasks.





But AI agents still struggle with 
hardware design tasks. 



…and many, many others!





Agents struggle for a number of reasons.

Verilog is likely underrepresented in the 
training data.

Large design files fill up the context 
window.

…but also, RTL is just difficult!



always_comb begin
  unique case (st_q)
    StTxLoad: begin
     if (!tx_valid_i) begin
        if (stretch_en_i) begin
          scl_oe_d           = 1'b1;
          event_tx_stretch_o = 1'b1;
        end
      end else begin
        tx_ready_d = 1'b1;
        shreg_d    = tx_data_i;
        bitcnt_d   = 4'd0;
        holdcnt_d  = '0;
        st_d       = StTxBitSetup;
      end
    end
    StIdle:           ...
    StAddrShift:      ...
    StAddrAckWaitLow: ...
    StAddrAckHold:    ...
    StAddrAckPulse:   ...
    StRxShift:        ...
    StRxAck:          ...
    StTxBitSetup:     ...
    StTxHold:         ...
    StTxAckWait:      ...
  endcase
end

The syntax of RTL is 
complex and nonlinear.



             
        bitcnt_d   = 4'd0;
        holdcnt_d  = '0;
        st_d       = StTxBitSetup;
      end
    end
    StIdle:           ...
    StAddrShift:      ...
    StAddrAckWaitLow: ...
    StAddrAckHold:    ...
    StAddrAckPulse:   ...
    StRxShift:        ...
    StRxAck:          ...
    StTxBitSetup:     ...
    StTxHold:         ...
    StTxAckWait:      ...
  endcase
end

Describe the TX path clock stretching 
feature.



The module supports clock stretching on 
the target side by using open-drain control 
of SCL: when stretching is active, it drives 
SCL low (scl_oe_o=1), preventing the bus 
clock from rising until the controller is 
ready to proceed.

Preconditions (as referenced):
• target_enable_i = 1
• rw_bit_q = 1 (read / target→host), and 

the address ACK phase has completed

This is missing a 
crucial detail!

   p   g 
feature.



g _ _   
• rw_bit_q = 1 (read / target→host), and 

the address ACK phase has completed

Using your description, write a formal 
verification testbench for the feature.

Agent will struggle on 
downstream tasks when relying 
on this incomplete description!

attempt 1…

attempt 2…
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But humans struggle to 
understand designs too.





What do humans do when they 
don’t understand a design?

Use tools!









Humans need tools to understand 
complex hardware designs…

So why not give AI agents tools as 
well?
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simulate() view_vcd()

Describe the TX path clock stretching 
feature.

I will exercise the TX path clock stretching 
feature first.



Calling simulate() with testbench.sv…

Calling view_vcd()…

module tb_i2c_target_tx_stretch;
  logic clk, rst;
  initial clk = 1'b0;
  always #5 clk = ~clk;
  ...
  i2c_target_controller dut (...);
  ...
  initial begin
    ...
    wait_clks(5);
    rst = 1'b0;
    wait_clks(5);
    target_enable_i = 1'b1;
    target_addr_i   = 7'h42;
    stretch_en_i    = 1'b1;
    i2c_idle();
    i2c_start();
    ...

testbench.sv



Calling view_vcd()…

    
    target_enable_i = 1'b1;
    target_addr_i   = 7'h42;
    stretch_en_i    = 1'b1;
    i2c_idle();
    i2c_start();
    ...

scl_oe_o           : ____/‾‾‾‾‾‾‾‾‾\____________________________
scl_i              : ______________/‾‾‾‾\__/‾‾‾‾\__/‾‾‾‾\__/‾‾‾‾
event_tx_stretch_o : ____/‾‾‾‾‾‾‾‾‾\____________________________

tx_valid_i         : __________/‾\______________________________
tx_ready_o         : __________/‾‾\_____________________________

sda_oe_o           : ____________________________________________
sda_i              : ‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾\_______/‾‾‾‾‾‾‾



…agent iterates a few more times…

This isn’t what I expected! I will adjust my 
understanding and try a new testbench.

Calling simulate() with testbench.sv…

          

sda_oe_o           : ____________________________________________
sda_i              : ‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾\_______/‾‾‾‾‾‾‾



The module supports clock stretching on the 
target side by using open-drain control of 
SCL: when stretching is active, it drives SCL 
low (scl_oe_o=1), preventing the bus clock 
from rising until the controller is ready to 
proceed.

Preconditions (as referenced):
• target_enable_i = 1
• rw_bit_q = 1 (read / target→host), and the 

address ACK phase has completed
• keep scl_i low long enough for 

thd_dat_i during AddrAckWait/Hold 
before releasing high for 
AddrAckPulse.

Crucial detail now 
present!



This example clearly lays out the DUET 
methodology.

In short: encourage dynamic 
experimentation with tools anywhere where 

deep design understanding is needed.

DUET goes beyond just “debugging with 
tools” — it is applicable in non-debugging 
contexts, e.g. documentation generation.



Tools:
• Simulation tool: simulates a testbench and returns the logs to the agent.
• Waveform viewer: allows agent to view and filter large waveforms
• Formal tool: runs a formal verification testbench with Jasper and returns the 

proof status of asserts, coverpoints, and assumes.
• Design modification tool: allows agent to temporarily modify the design 

itself.
• Yosys-based scripting tool: allows agent to write Yosys scripts to e.g. 

extract relevant signals or find logic cones
In general, simulation is the most commonly used, likely because of available 
training data. 
Other tools will be used more when the agent is provided thorough examples.
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This methodology can and should be applied anywhere 
where deep design understanding is needed!
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To evaluate DUET, we build an 
automated formal verification flow and 

measure its performance with and without 
DUET.



Goal: given a design and a set of functional properties, verify the properties via Jasper.

Inputs: a simple round-robin arbiter design + 10 properties.

Baseline flow:
1. For each property, the agent:

i. Generates a formal testbench for the property.
ii. Runs Jasper on the formal testbench and views the report from Jasper.
iii. Returns to (i) and iterates until every assertion passes or until it hits its iteration limit.
iv. Returns the final testbench for the property (passing or non-passing).

2. Verification terminates after the agent has processed each property in the verification plan.

The DUET flow simply adds DUET-based debugging in the loop:
1. For each property, the agent:

i. Generates a formal testbench for the property.
ii. Runs Jasper on the formal testbench and views the report from Jasper.
iii. If verification failed, the agent is encouraged to use tools to debug.
iv. Returns to (i) and iterates until every assertion passes or until it hits its iteration limit.
v. Returns the final testbench for the property (passing or non-passing).

2. Verification terminates after the agent has processed each property in the verification plan.



Tools:

• Simulation and formal tools described previously.

• Counterexample replication tool: a special, more directed case of the 
simulation tool which uses simulation via Verilator to reproduce a Jasper 
counterexample.
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Case Study





Property 001: grant_subset_of_request
Goal: Prove that in every cycle, grant is a subset 

of request

simulate() verify()arbiter.sv repl_cex()



simulate() verify()arbiter.sv repl_cex()

Calling verify() with testbench.sv…

testbench.sv
module arbiter_grant_subset_sva #(...) (...);
  property p_grant_subset;
    @(posedge clk) (grant & ~request) == ’0;
  endproperty
  assert property (p_grant_subset);
endmodule

Jasper returns counterexample…



Jasper returns counterexample…

Calling repl_cex() with counterexample…
module tb_arbiter_ce;
  ...
  arbiter #(...) dut (...);
  initial clk = 1’b0; always #5 clk = ~clk;
  int cyc; initial cyc = 0; always @(posedge clk) cyc <= cyc + 1;
  ...
  always @(posedge clk) begin
    if (cyc == 2) begin
      rst <= 1’b1; request <= 6’h22; #1;
      assert (grant[4] == 1’b1 && request[4] == 0);
    end
  end
endmodule



  
endmodule

Calling verify() with testbench.sv…

testbench.sv

module arbiter_grant_subset_sva #(...) (...);
  property p_grant_subset_prev_req;
  @(posedge clk)
    1’b1 |-> ##1 ((grant & ~$past(request)) == ’0);
  endproperty
  assert property (p_grant_subset_prev_req);
endmodule

Verifies!
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In summary: in any situation where 
agents need deep design understanding, 
use dynamic, tool-based experimentation.



Thank you!
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