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Project Overview
Motivation:
N-body Problem: ON^2 Time Complexity

System Demo:
Interactive 2D simulation sandbox with real-time display 60 Hz refresh rate)

Goal: Accelerate the compute of sum of pairwise 
interaction force

- Parallelism and Pipelining: 4 parallel fully 
pipelined 2-body core

- Custom 27-bit float 1 1818 DSP/mult)
- Fast inverse square root FISR
- Leapfrog integration in hardware



System Block Diagram
● User-space software: simulation setup, frame 

history, display rendering, and keyboard input.
● Kernel drivers expose FPGA hardware as 

Linux device files: /dev/nbody for the 
accelerator and /dev/nbody_display for VGA.

● Avalon-MM bus: connects 
software-controlled register reads/writes to 
the FPGA hardware modules.

● N-body accelerator receives particle data and 
control signals, computes updated body 
positions using parallel 2-body cores, and 
returns results to software.

● Display pipeline converts rendered 
framebuffer words from software into VGA 
signals through vga_bitmap_avmm.sv.

● Keyboard input allows runtime control such 
as pause/resume, frame navigation, gap 
adjustment, reset, and quit.



HWHardware



Avalon Custom Peripheral: nbody_accel_avmm
● FPGA accelerator composed of four parallel 

2-body computation cores
● Central FSM controller manages scheduling, 

memory access, and datapath coordination
● Dedicated integration unit updates particle states 

after force accumulation
● Shared on-chip memory stores particle position, 

velocity, and mass data
● Input/output buffer logic connected between 

accelerator core and Avalon interface
● HPS software communicates with the accelerator 

through memory-mapped registers



Key Computation Building Blocks

● Floating Point Adder
● Floating Point Multiplier
● Fast Inverse Square Root
● Two Body Core
● N-body Memory



Floating Point Adder Module

● Two-stage 27-bit custom floating-point adder
 [26] sign | [25:18] exponent (8b) | [17:0] mantissa (18b)

● Stage 1: Compare exponent and shift to align mantissas
● Stage 2: XOR the signs to decide add/sub the shifted 

mantissas, normalize, round, and pack

Test cases:
● Add zero
● Two inputs cancels
● Different sign
● Add commutativity
● Random tests with 500 vector inputs



Floating Point Multiplier Module

● Combinational logic 27-bit custom floating-point multiplier
 [26] sign | [25:18] exponent (8b) | [17:0] mantissa (18b)

● XOR the sign bit, ADD exponents, and MULTIPLY mantissas

Test cases:
● Multiply by zero
● Different sign
● Multiply 

commutativity
● Max multiply by 

max
● Random tests with 

500 vector inputs



Fast Inverse Square Root (FP32)
Goal: Compute y≈1/sqrt(x) fast 2. Magic number

Magic Number: 

3. Newtonʼs method: Solve f(y) = 0

Update Rule:

For y≈1/sqrt(x)

1. Integer interpretation of a float

Float

Integer

S E M

Done in only simple addition and multiplication operations!



Floating Point Fast Inverse Square Root Module

● 5 stage fast inverse square root with 
Quake III algorithm

● Stage 1 compute initial approximation y₀ 
through "magic number" bit hack

● Stage 25 applies one Newton-Raphson 
iteration to improve approximation error

Test cases:
● Tolerance test
● Output stability
● Pipeline throughput
● Random tests with 500 

vector inputs



Pipelined Two-Body-Core
● 17-stage pipeline
● Two 27-bit Accumulators
● 16-bit floating point inputs → zero-padding → 27-bit floating point intermediates → truncated 16-bit outputs
● Latency = 18 cycles, Throughput = 1 pair/cycle
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N-body Memory

Test cases:
● Initial body-data write/read
● Acceleration update
● Integrator position/velocity update
● Mass preservation
● Independent address access
● Simultaneous write priority handling

● The main on-chip memory module storing body state: 
x, y, mass, vx, vy, ax, and ay.

● Each field uses a separate M10K-backed memory 
array for independent access and updates.

● The CPU write port loads complete body data and 
initializes ax/ay to zero.

● The synchronous read port returns body data one 
cycle after body_raddr is provided.

● The integrator writeback updates only x/y/vx/vy.
● The acceleration writeback updates only ax/ay.
● Write-selection logic handles concurrent updates 

from different pipeline stages.



Dataflow
Constraint: 

- Costly Storage and Update for partial sums value for all N 
bodies.

- 2-stage Accumulator: the same i-body cannot be 
accumulated in consecutive cycles in pipeline.

Solution: 
- Keep partial sums value for only one 16i tile locally.
- Broadcast one j-body to all 4 cores and reuse it for 4 

cycles, while sweeping across 16 i-bodies.

Dataflow Overview:
1. Load one local tile: 16 i-bodies.
2. Stream one j-body from input over 3 cycles: x, y, m, and 

broadcast to all 4 cores.
3. Hold j-body over 4 cycles and sweep i_grp_sel = 0, 1, 2, 3.
4. Repeat for all j-bodies, then read out the final accumulated 

accelerations.
5. Read out final accumulated accelerations of this tile.
6. Reload the next tile and repeat until all N bodies are 

processed.



Two-Body-Core Self Accumulation
● Input: 2-stage adder for final accumulating stage  → same i should not be calculated for next cycle.
● Fixed 2-reg feedback chain
● Example: CORE0  Cycle 4 
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Two-Body-Core Self Accumulation
● Input: 2-stage adder for final accumulating stage  → same i should not be calculated for next cycle.
● Fixed 2-reg feedback chain
● Example: CORE0  Cycle 19 First Self Accumulating)



Four Two-Body Cores Dataflow
● LOAD phase: 

○ Initialize 16 i input bank.
○ Flush pipeline
○ Store positions of 16 bodies

● COMPUTE phase: 
○ Update 16 i output bank
○ grp_idx must loop as 03
○ j comes from ports and changes every 4 

cycles
○ Broadcast positions of j
○ Each core has its own mass of j as mask,  

the j_mass of this lane may be set as 0 to 
hold acc value if (mask == 1

● VALID_OUT phase:
○ Keep mask as 4ʼ1111 to hold value.
○ Wait enough cycles after COMPUTE.



Leapfrog Integrator
Per-body update engine that applies the 
leapfrog velocity and position update using 
pipelined floating-point adders. 

first step:
v_{1/2} = v_0 + 0.5 a_0

later steps:
v_{n+1/2} = v_{n-1/2} + a_n
x_{n+1} = x_n + v_{n+1/2}



N-body Control

Top-level scheduler that coordinates tile loading, 
force computation, acceleration writeback, and 
body integration across each timestep.  

1. Load body tiles into the compute cores
2. Stream each j-body through the four-core 

force calculation pipeline
3. Store the accumulated accelerations
4. Launch the integrator for each body

Manage timestep progress, initial half-step 
handling, memory addresses, write enables, and 
the final “done” signal.



Avalon Custom Peripheral: vga_bitmap_avmm

● Software renderer writes simulation 
frames into framebuffer memory

● VGA controller continuously reads 
framebuffer data for real-time display

Frame buffer:

640480 1-bit pixel map stored as 9600 
32-bit words 20 words per row)

Dual-Port Frame Buffer RAM
● Port A: write from Avalon bus
● Port B: read by VGA controller



Testbenches

System verilog simulation

● FpAdd
● FpMul
● FpInvSqrt 
● N-body mem
● N-body integrator
● N-body control

Software test program

● Avalon bus (avmm_smoke_test.c)
● Actual outputs generated by the FPGA (avmm_frame_xy_dump.c)

Golden model simulation

● accelerator accumulation simulation (golden.py)
● N-body control simulation (golden_control.py)
● simulate avmm_accel and software-visible outputs (golden_avmm_xy.py)



System verilog simulation 

-Pass all the arithmetic computation units and N-body mem tests using generated frame data.

Frame Data

● Generated simulation input frames for 1024-body using 
custom Python-based input generators.

● Produced 27-bit formatted frame initialization files for RTL 
simulation and FPGA testing.

● Created initialization datasets 
(frame0_1024binit200_27bits.txt) used as 
hardware test inputs



Golden-model Simulation
Golden Model: Python-based reference model used to generate expected hardware outputs

● Bit-accurate mimic of the custom 27-bit floating-point RTL modules:
○ FP27 Adder
○ FP27 Multiplier
○ FP27 Fast Inverse Square Root

● Uses custom S1E8M18 floating-point format:
○ 1 sign bit
○ 8 exponent bits
○ 18 mantissa bits

● Computes N-body accelerations using the same arithmetic flow as the FPGA datapath:

● Generates “golden” acceleration outputs for each particle using the same frame data inputs 



Accuracy Validation: 27-bit vs Float64

Acceleration Error (Frame 1, same 
initial state) 
Mean relative error ax: 0.45% Mean 
relative error ay: 0.90% 

Key observations: 
- Frame 1 error reflects pure 27-bit 
format precision 
- Error grows after frame 1 due to 
N-body chaotic divergence, not 
hardware inaccuracy 
- 27-bit S1E8M18 format achieves 
< 1% mean error vs float64 
- Acceptable for gravitational 
simulation



● Acceleration accumulation outputs

● Control outputs

Outputs Comparison

N-body control                                                      Golden-model control 

2-body core                    four 2-body cores wrapped       Golden-model 

● Pass the outputs 
comparison of 2-body 
core, 4-Core wrapper 
with Golden model.

● Pass the outputs 
comparison of n-body 
control with Golden 
model.



SWSoftware



Software Architecture

Thread 1
Accelerator

/dev/nbody

Thread 2
Display

/dev/nbody_display

Thread 3
USB Keyboard

libusb



Display Thread

● Selects the current frame from the 
shared position-history buffer

● Converts body positions into 
screen coordinates

● Renders particles/UI into a 
software framebuffer

● Sends framebuffer data to 
/dev/nbody_display

● Continuously updates VGA output 
while simulation runs

Display Rendering



USB Keyboard
● Reads keyboard input using the USB keyboard helper
● Updates shared control state based on key presses
● Supports pause/resume, reset, quit, frame navigation, and gap changes
● Uses condition/broadcast signals to wake other threads when state changes



SWHardware/Software Interface



Display Hardware/Software Interface

Memory Layout

640 × 480 display, 1 bit per pixel
9,600 uint32 words total

Layout:
  word = y × 20 + x / 32
  bit  = x % 32

  bit=1 → white pixel
  bit=0 → black pixel

address calculation

/* pixel (x, y) maps to: */
word = y * 20 + x / 32;
bit  = x % 32;

/* set pixel white */
vfb[word] |= (1u << bit);

/* set pixel black */
vfb[word] &= ~(1u << bit);

9,600 words × 4 bytes per word = 38,400 bytes ≈ 38 KB



Display Software Interface

display_driver.c

case DISPLAY_WRITE_FRAME:
    copy_from_user(dev.kbuf,
                   (uint32_t __user *)arg,
                   DISPLAY_WORDS * 
sizeof(uint32_t));

    for (i = 0; i < DISPLAY_WORDS; i++)
        iowrite32(dev.kbuf[i],
                  dev.virtbase + i * 4);
    return 0;

Userspace
set_pixel()→vfb[]

Kernel driver 
(/dev/nbody/display)

copy_from_user→iowrite329600

vga_bitmap_avmm.sv

VGA monitor



Accelerator Interface
float conversion
Userspace → IEEE-754 float32 
Hardware → Custom S1E8M18 (27-bit)

f32_to_f27_bits()  on write
f27_bits_to_f32()  on read



Driver Control Flow 



Software Test Program 
avmm_frame_xy_dump.c 

● Tests the real N-body accelerator on FPGA hardware 
using an input frame file.

● Loads body data through Avalon-MM registers and starts 
computation with GO.

● Waits for DONE, then reads back final X/Y positions.
● Dumps the hardware output for comparison against the 

golden reference file.

-pass: means the accelerator completed and hardware 
results were successfully dumped.

avmm_smoke_test.c

● Tests basic HPS-to-FPGA Avalon-MM communication 
through /dev/mem.

● Verifies the nbody_accel_avmm control path using a 
simple zero-body run.

● Checks correct GO / DONE behavior and DONE clearing.
● Loads a simple one-body test case and reads back 

output X/Y values.
● Writes a VGA test pattern through vga_bitmap_avmm 
● for display verification.

- pass: verified Avalon-MM communication and basic 
control/read paths.



● avmm_frame_xy outputs

It models what the software would see after loading particle data into the accelerator, starting the computation with GO, 
waiting for DONE, and reading back OUT_X and OUT_Y.

 

Outputs Comparison

 avmm_frame_xy_dump.c                     Golden-model (golden_avmm_xy.py) 

● Verified the RTL AVMM interface 
producing the same software-visible 
results as the Python golden model.
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