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e High Frequency Trade Book building using FPGA and simulated NASDAQ ITCH message
protocol.

e Main Components -
o  Simulated Market
o Hardware component
o HW/SW interface
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Background

e Average amount of data coming from the market is around 32 Gb/s. Which means if the
data transfer is down even for a millisecond we lose 10000 packets of data.

e Hence we cannot use software methods to parse the data due to latency issues.

e Thisis why we decided to use FPGA to parse market data to cut latency issues and take
advantages of parallel processing speeds.

e Order types:
o Ask: The term "ask" refers to the lowest price at which a seller will sell the stock.
o Bid: The term "bid" refers to the highest price a buyer will pay to buy a specified
number of shares of a stock at any given time.
o Sell : Sell refers to the stock being purchased between a buyer and seller.
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Project Flow

_ TCP
Laptop Script » Parser

Book Builder Order Book

Y

Y

e We get market data from the simulated market script because of current FPGA limitations.

e The received market data is then processed by a hardware software integrator which sends
the data received to the hardware through registers for parsing and book building.

® The parser parses the data and builds and keeps track of the max price.
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Incoming Message

Field name 'Offset.Length Format Binary Decoded Notes
. L Add Order
Message Type 0 1 |Alphanumeri¢ oxa1 A e
Timestamp LR SAN i luniore 0x0000000000000000 0 Nanoseconds
Order Reference i
9 4 Numeric 0x000003EA 1002
Number
Transactiontp | 13 | 4 | Numeric 0x00000000 0
Orderbookip | X7 | 4 | Numeric 0x000500CD 22408
21 1 |Alphanumerig¢ B {5 Buviorden
2 ul ri
Side P 0x42 “S” = Sell order
Quantity 22 | 4 | Numeric 0x00000001 1
Price 26 | 8 Price 0x0000000000000001 1
Yield CUNI Price 0x00000000 v
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Simulated Market

FPGA_IP = "128.59.19.114"
FPGA_PORT = 42000

sock = socket.socket(socket.AF _INET, socket.SOCK STREAM)

sock.connect((FPGA_IP, FPGA PORT))
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Simulated Market

message = struct.pack(
“IBIIIIBIQQ8s",
msg_type,
time_stamp,
order_reference_number,
transaction_id,
order_book_id,
side,
quantity,
price,
yield_value,
stock

)

return message
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Data Flow

e Data coming in from
Market sim gets into
software queue.

Market Simulator

Ethernet ( Registers
>L Software Queue Hardware Registers

~—

e Software Queue
communicates with the
Hardware with the
defined registers.
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HW/SW Interface - Ethernet data

void xnetwork_thread_f(void *xarg) {

e Reading the network int sockfd = x(int *)arg;
char recvBuf [BUFFER_SIZE];

data from ethernet and while (1) ¢
Storing that in a queue. int n = read(sockfd, recvBuf, BUFFER_SIZE);
if (n < 0) {
perror("Error reading from socket");
exit(1);
} else if (n == 0) {

close(sockfd);
break;
)
QueueData newData;
strcpy(newData.data, data);
enqueue(&dataQueue, newData);
}
return NULL;
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HW/SW Interface - Writing in registers

Defining registers for all
the data in the message
and the required flag.

Using the ioctl calls to
write/read data.
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#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define

MESSAGE_TYPE ( x

TIMESTAMP(x) ((x
ORDER_REF_NUMBER(:
TRANS_ID(x) ((x)
ORDER_BOOK_ID(x)
SIDE(x) ((x)+5)

QTY(x) ((x)+6)

PRICE(x) ((x)+7)
YIELD(x) ((x)+8)
BUFFER_NOT_EMPTY (x
READPORTT (x)

((x)+9)
((x)+10)
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HW/SW Interface

static void write_data(vga_ball_color_t xmessage)

{

iowrite8(message->msg_type, MESSAGE_TYPE(dev.virtbase) );
iowrite8(message->timestamp, TIMESTAMP(dev.virtbase) );
iowrite8(message->order_ref_number, ORDER_REF_NUMBER(dev.virtbase) );
iowrite8(message->trans_id, TRANS_ID(dev.virtbase) );
iowrite8(message->order_book_id, ORDER_BOOK_ID(dev.virtbase) );

(

(

(

(

iowrite8(message->side, SIDE(dev.virtbase) );

iowrite8(message->qty, QTY(dev.virtbase) );

iowrite8(message->price, PRICE(dev.virtbase) );
iowrite8(message->yield, YIELD(dev.virtbase) );
iowrite8(message->buffer_not_empty, BUFFER_NOT_EMPTY(dev.virtbase));
dev.message = xmessage;
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HW/SW Interface

Sensing the hardware to send next data.

void write_message(const vga_ball_color_t *c
vga_ball_arg_t vla;
vla.message = *c;
unsigned char bufferNotEmpty = ioctl(vga_ball_fd, VGA_BALL_READ_DATA, &vla);
unsigned char readPort = ioctl(vga_ball_fd, VGA_BALL_READ_DATA, &vla);
if (bufferNotEmpty && readPort) {

if (ioctl(vga_ball_fd, VGA_BALL_WRITE_DATA, &vla)) {
perror("ioctl(VGA_BALL_WRITE_DATA) failed");
return;
}
printf("Msg Type: %02x, Timestamp: %01611x, Order Ref Number: %08x, Order Book ID: %@8x, Qty: %08x, Price: %01611lx \n",
vla.message.msg_type, vla.message.timestamp, vla.message.order_ref_number,
vla.message.order_book_id, vla.message.qty, vla.message.price);
printf("Done!\n");

}
else {
printf("Waiting for ready...\n");
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HW Design - Implementation

4 Bytes 4 Bytes 8 Bytes
Order_ID Quantity Price
vga_ball
TOP _

> Order Book 1 ——> Memory

ClLK ————>
RESET —

write data [7:0] ———>| Register

o Bank OrderBook2 —————>  Memory

chipselect ———————>|

address[5:0) —————>

parser

read

readdata[7:0] «———| OrderBook3 ———>  Memory

Order Book 4 > Memory

13 | High Frequency Trade Book Builder using FPGA 2j% COLUMBIA | ENGINEERING

7N The Fu Foundation School of Engineering and Applied Science




HW Design - Parser

module parser( “define ADD1 12'b100000000000
input [319:0] ff_buffer, “define DELETE1 12'b010000000000
output reg [31:0] out_order_id, “define DECREASE1 12'b001000000000

"define ADD2 12'b000100000000
"define DELETE2 12'b000010000000
“define DECREASE2 12'b000001000000
"define ADD3 12'b000000100000

); "define DELETE3 12'b000000010000
“define DECREASE3 12'b000000001000
"define ADD4 12'b000000000100
"define DELETE4 12'b000000000010
"define DECREASE4 12'b000000000001

output reg [31:0] out_quantity,
output reg [63:0] out_price,
output reg [11:0] stock_activate

40 Bytes

NASDAQ Message

12 bits 4 Bytes 4 Bytes 8 Bytes

‘ Request Type ’ Order_ID ’ Quantity ‘ Price
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HW Design - Parser Wave Window

S
“ esthenchiclk 1n1 | | o Y ) O 1 1 =) O e S s 4 4 e O Y 1 SO Y e (4 o S IS ) e 6 5 Ty O s A o |
4 testbenchiresetn 1h0 TRl I wll T | ] I | PR | I ] | [ I R B e [
#  ftestbench/buffer_not_empty 1h0
esthe buffe 0'h0000 5378563412785634120001042... | 5637856341278563412000104220800... }5378563412785634120001104208000... | 537856341278563412000104300800... }537856341278563412000104...
4 festbenchislave_ready 1h1 A === S| S ) I [ S Bj | g = I = Fl ©
“  esthenchisystem_free Thx q el | e ———— T
“  ftestbench/master_valid Thx | [ 9 — 11 H T T T
£-“ ftestbench/out_order_id |32'dx 0 166605 10 166606 ] 166607 ] 166608 1o 166609
B4 ftestbench/out_quantity 32'dx 0 [100 [0 [100 [0 [100 o 100 [0 100
£ 4 ftesthenchlout_price 32'dx [i] 185 1o 185 10 185 ] 185
£ liesihenchisiock activate ol 1250000000, | 0000... 100000000000 000000000 0 [100000000000 [0000000000... 1100000000000 {0000000000... ] 100000000000
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HW Design - Order Book

REQ_TYPE = ADD module order_book (

input clk,

REQ.TYRE = input resetn,
DECREAS . .
input valid,
ADD ORDER DECREASE ORDER . .
I open input [31:0] order_id,

input [31:0] quantity,

input [63:0] price,

DELETE ORDER IF (QUANTITY ==0)

input [2:0] req_type,

output reg [31:0] max_order_id,
output reg [31:0] max_quantity,
output reg [63:0] max_price,

FIND MAX
output reg ready

/ ) I
IF (ORDER_ID == ORDER_ID_MAX)

SHIFT ROW

IF (ORDER_ID != ORDER_ID_MAX)
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HW Design - Order Book - Add Order

Memory
Address Data
1 XXXXXXXXXXX XXX
/_\ 2 XOOOKXXKXXKXXX
REQ_TYFE=APD IDLE 3 XXOOKXKXKXKXX
4 XOOOKKXXKXXKXXX
5 XXXXXXXXXXXXXX
REQ_TYRE = 6 XOOOKXXKXXKXXX
DECREAS| 7 XXHKXXXXKXXXKKX
ADD ORDER DECREASE ORDER 8 XXOOXXKXXKXXX
REQ_TYPE =|DELETE > 9
10
1
12
DELETE ORDER IF (QUANTITY ==0)
992
993
FIND MAX
994
IF (ORDER_ID != ORDER_ID_MAX) 995
996
v 997
IF (ORDER_ID == ORDER_ID_MAX)
998
SHIFT ROW 999
1000
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HW Design - Order Book - Add Order - Wave

festbenchiclk I'hl
" Mestbenchlresetn 1hl
" hestbenchivalid 1'ho
ftestbenchiready 1h1
hestbench/order_id 32'dx {0
Hesthench/quantity 32'dx (4412261
* htestbench/price 64'dx {0
festbenchireq_type 3'd0 {4
Mestbench/max_order_id 32'dx {1 12
" festbench/max_quantity 32'dx (4412261
festbench/max_price 64'd0 420 140
Mtestbench/stockl/current_state  |3'd0 11 10 11 {0 11 (]
" hestbench/stockl/memory 128'dx 128'dx... 10 0.0.000.000.01.000.000.00.000.000.0.00.0 00000 00.000.00000000000.00 0000001 0000.000.00000000.0010.000. 00000000000 00.000.00.01
" festbench/stockl/search_pointer | 10'd0
" hestbench/stockl/pointer 10'd0 4 12 13

HERCPERERT L B RN thvrrrroooa e R TR
30000 p 10000 | 500

Cursar 1 22854 ns

sim:/testbench/stockl/memo

1158537716877982084967010664488

{79309554363717747373466714132

{81391849453400779922763776

AL [a

[ L ] T TEREETE [ ] R N R

Cursor 1 22854 ps
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HW Design - Order Book - Decrease Order - Wave

Memory
Address Data
1 XXXXXXXXXXXXKK
2 JOOKXXXXXXXXXX
REQ_TYPE = ADD IDLE 3 XXXKXXXXXXXXXX
4 JOOKXXXXXXXXXX
5 JOOXXXXXXXXXXX
REQ TYRE 6 XXXXXXXXXXXXXX
DECREAS 7 XXXXXXXXXXXXKX
ADD ORDER DECREASE ORDER 8 JOOKXXXXXXXXXX
REQ_TYPE =|DELETE 9 XOOKXXXXXXXXXXK
10 JOOXXXXXXXXXXK
11 XOXXXXXXXXXXKX
DELETE ORDER IF (QUANTITY == 0) 12 XXXXXXXXXXXXXX
\ . JXOXXKXXXXKXXXX
|::> . XXXXXXXXXXXXXX
JOOKXXXXXXXXXX
. JOOXXXXXXXXXKX
FIND MAX 992 XOXXXXXXXXXXXKX
993
IF (ORDER_ID != ORDER_ID_MAX) 994
v / 995
IF (ORDER_ID == ORDER_ID_MAX) 996
SHIFT ROW 997
998
999
1000
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HW Design - Order Book - Decrease Order - Wave

T T T T ™% T T

i i ' \ ‘ |
UUﬁﬂ T I

L L L L 1
OO O e o 00000028 [ 00000064
00435365 100000007 [ 0000ff
OO oo OO OO0 000000... [{0000000000003981
0 T2 |

L+ 0+ e+

N

1000064
1435365 1 | |
100000000003981 |
e C o s 12 | 14 [

AR UR RO R RN RN OO OV Yo R 1111111111 0011 e i S

| | |

L
&
b

v
v
v
7
-
v
7
v
z
v
v
o
k-
e

565348704091348601489400529798
4B6120542477084263805856570440
106892379962819926302312620084 3
327664217448555588708768678728 J
4843605403420125111522472837
169207892420026913521680778016 3169207802143325752416087503776
89979729905762575028136827660 1 [

010751567391498238334502877304 ‘ ‘

03152340487723300074104892604
B52295242362969563147504976592
773067079848705225553961026236
50383891733444088796041 7075880

a-0-0-0-0-0-

1+ B+

nnn

1+

Cursor 1 3401417 ps
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HW Design - Order Book - Delete Order

Memory
Address Data
1 XXXXXXXXXXXXKK
2 JOOKXXXXXXXXXX
REQ_TYPE = ADD IDLE 3 XXXKXXXXXXXXXX
4 JOOKXXXXXXXXXX
5 JOOXXXXXXXXXXX
REQ TYRE 6 XXXXXXXXXXXXXX
DECREAS 7 XXXXXXXXXXXXKX
ADD ORDER DECREASE ORDER 8 JOOKXXXXXXXXXX
REQ_TYPE =|DELETE 9 XOOKXXXXXXXXXXK
10 JOOXXXXXXXXXXK
11 XOXXXXXXXXXXKX
DELETE ORDER IF (QUANTITY == 0) 12 XXXXXXXXXXXXXX
\ . JXOXXKXXXXKXXXX
|::> . XXXXXXXXXXXXXX
JOOKXXXXXXXXXX
JOOXXXXXXXXXKX
FIND MAX 992 XOXXXXXXXXXXXKX
993
IF (ORDER_ID != ORDER_ID_MAX) 994
v / 995
IF (ORDER_ID == ORDER_ID_MAX) 996
SHIFT ROW 997
998
999
1000
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HW Design - Order Book - Delete Order - Wave

¥

L] L]
106/ f197 [{198 Yie9 |40
4419261 {15
3920 {3940 [{3060 {8980 {4000
4 1]
100
4419261

W

14721
jde 110 o 1§ o 12
IXXXX,.,xXX ,.,IXXXXXXXXXXXX.‘IXXXXXXX 206X X XXX XX XXX XXX XXXX XXXXXXXXXXXXXX.,IXXXXXX)!XXXXXXX
[i] EEEETEEET ] = I IBESEEERDEEHEEE S8 S
1157 Y19 1200

e S e L e L S L

ononon

5 D0000085¢c _‘:0 6500‘ 000
_“00063004333650000000 000000848 :(0000005_1;_00435365005100000000008&:
_0000690043§3650000000 000000834 1000000640043536500 { 0000000000848
_00000068004353650000000000000820 100000069004353650000000000000834
000006700435365000000000000080¢ 100000068004353650000000000000820
0000066004353650000000000000718 10000006700435365000000000000080¢
00000650043;365001’100”“ 0000007e4 1 00000066(30435365000000000000078
_00000064004353650000000000003981 1000000650043536500000000000007e4
00000%3650“100“” D000007bc
0000620043536500000000000007a8
000061004353650000000000000794
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HW Design - Order Book - Overall Window
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HW Design - Performance

Request Type Number of Cycle
ADD ORDER 1 cycle
DELETE ORDER N cycles
DELETE ORDER is MAX N+N-1
DECREASE ORDER ~Depends on the position

Here N is the number of valid entries in the Book
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HW Design - Optimizations

Memory
Address Data
1 XXXXXXXXXXXXXX
2 XXXXXXXXXXXXXX
3 XXXXXXXXXXXXX
4 XXXXXXXXXXXXXX
5 XXXXXXXXXXXXXX
6 XXXXXXXXXXXXXX
7 XXXXXXXXXXXXXX
8 XXXXXXXXXXXXXX
9 XXXXKXXXXXXXX
10 XXXXXXXXXXXXXX
11 XXXXXXXXXXXXXX
12 XXXXXXXXXXXXXX
XXXXXXXXXXXXXX
XXXXXXXXXXXXXX
XXXXXXXXXXXXXX
5 XXXXXXXXXXXXXX
992 XXXXXXXXXXXXXX
993
994
995
996
997
998
999
1000

Memory
Address Data
1 XXXXXXXXXXXXXX
2 XXXXXXXXXXXXXX
1-way memory T oo0000000000
4
2-Bits 62 Bits 5
c - S - > 6
7 XXXKXXKXXXXXXX
8 XXXXXXXXXXXXXX
9 XXXXXXXXXXXXXX
10 XXXHXXXXXXXKXXXX
L 11
12
XXXXXXXXXXXXXX
XXXXXXXXXXXXXX
XXXXXXXXXXXXXX
992 XXXXXXXXXXKXXX
993
4-way memory | =
995 XXXXXXXXXXXXXX
996 XXXXXXXXXXXXXX
997 XXXXXXXXXXKXXXX
998 XXXXXXXXXXXXXX
999
1000
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HW Design - Optimizations

Memory
Address Data
1 XXXXXXXXXXXXXX
2 XXXXXXXXXXXXXX
/ 3 XXXXXHXXXXXXXXXK
4
5
6
7 XXXXXXXXXXXXXX
8 XXXXXXXXXXXXXX
9 XXXXXXXXXXXXXX
M AX 10 XXXXXXXXXXXXXX
11
12
XXXXXXXXXXXXXX
/ XXX XXXXX
. XXXXXXXXXXXXXX
992 XXXXXXXXXXXXXX
993
994
\ 995 XXXXXXXXXXXXXX
996 XXXXXXXXXXXXXX
997 XXXXXXXXXXXXXX
998 XXXXXXXXXXXXXX
999
1000
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HW Design - Performance

Extra Combinational Logic and States - did 10 ways

Request Type Number of Cycle
ADD ORDER 1 cycle
DELETE ORDER ~N/4 cycles
DELETE ORDER is MAX N/4 + 3 Cycles
DECREASE ORDER ~De;))ends on the position (/4 the previous
time

Here N is the number of valid entries in the Book
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Demo
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https://docs.google.com/file/d/1A04btY4LFkqklpo2tFaVALUGjrJwCvEb/preview

Thank You!
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