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TOM TAT

Bai bdo ndy trinh bay két qua tinh todn 1y thuyet nang lwong chiéu sang xung laser cua thiét
bi quan sat dudi nuoc. Si dung mo phong cdc diéu kién moi truong, doi twong quan sat, cac
thong s6 do rong xung, tan lap cua laser va hé quang vat kinh thu anh, tir do, xac dinh dwoc
nang luong xung laser chiéu sang phu thuoc vao cu ly quan sat. Cu thé, két qua da chi ra dé dat
dwoc cy ly phat hién myc tiéu nguoi dén 30 m va nhan dang dén 27 m can sir dung nguon chiéu
laser c6 ndng lwong xung toi thiéu la 5 mJ (véi dg rong xung 3ns va tan ldp xung 1 kHz). Két qua
ndy dam bao cho viéc lya chon nang luong chiéu sang xung laser phit hop cho thiét bi quan sdt
duwdi nueée theo yéu cau vé cw ly quan sdt muc tiéu.

Tir khoa: Thiét bj quan sat dudi nudc; Laser xung; Hinh anh laser dudi nude theo khoang gate.
1. MO PAU

Céc dai duong chiém khoang 71% bé mat trai dat trong d6 95% dién tich chua khai thac. Hién
nay céc thiét bi quan sat dudi nudc giir vai trd quan trong trong viéc nghién ctru dai duong, tim
kiém ctru nan, ctiru hd, phuc vu cho cac hoat dong quan su,... Bén canh cac h¢ thong quan sat dudi
nuge sir dung song am thanh (sonar), trong thoi gian gin day, cac thiét bi quang hoc dudi nude
dugc cac nha khoa hoc trén thé glcn tap trung nghién ctru va phat trién. Uu diém ctia hé thong quan
sat quang hoc dudi nudc so véi cac hé théng sonar truyén théng 14 hinh anh truc quan va c6 do
phén giai cao hon. Tuy nhién, do tac dong manh ctia hién tugng suy giam tin hi€u, gay ra bdi sy
hap thu va tan xa manh cua anh sang trong méi truong nudc, chat lugng va tim quan sat cia cac hé
thong quang hoc dudi nude bi giam di dang ké. Dé khic phuc tinh trang ndy, cac hé thong quan sat
dudi nude duge nghién ciru sir dung thém ngudn phat sang chi dong (thuong 13 laser budc song
532 nm [1]) dé ting cudng tin hiéu thu dugc va khoang cach quan sat cua cac hé théng nay.

Nam 2014, Christnacher va cong sy [2] da phat trién h¢ thong quan sat dudi nuéc Seal.Vid,
sir dung laser c6 tan s6 lap lai 21 kHz va do rong xung 14 2 ns & bude séng 532 nm véi cong suat
170 mW dé chiéu sang vé6i truong nhin FOV 17° x 13°. Vao nam 2018, Mariani va cong su [3]
d3 cong bd cac két qua cia hé thong quan sat dudi nude UTOFIA vé6i hé chiéu sang laser c6 do
rong xung 1,8 ns, tan sb lap lai 1 kHz va cho cy ly quan sat 1a 4 lan d¢ dai suy giam (AL). Nam
2017, Liu va cong sy [4] da phat trién mot hé thdng chup anh laser giam sat dudi nudce (UGLIS),
sir dung tan s lap lai 30 = 50 kHz va d6 rong xung 8 ns, & budc song laser 532 nm vé6i cong suit
3 W dé chiéu sang v6i goc chiéu sang FOV tir 1 = 6°. Vao nam 2018, Wang va cong sy [5] da
phat trién mot hé thdng hinh anh 3D quan sat duéi nudc Fengyan. N6 trang bi tan sb lap lai 30
kHz va d6 rong xung laser 1ns & budc song 532 nm voi cong sudt 0,5 W.

Dic diém chung cua cac cong bd da dua ra duoc cac moé hinh thuc nghiém vé cac hé thong
quan sat dudi nu6e s dung nguodn xung laser 532 nm dé chiéu sang muc tiéu nham gia ting cy
ly quan sat. Tuy nhién, & mdi mo hinh cu thé, cac tac gia lai str dung mot ngudn sang xung laser
v6i nang luong xung khac nhau ma chua dua ra dugc cac co so khoa hoc dé lua chon nang lugng
laser chiéu sang phu hop v6i hé théng duoc thiét ké. Trong bai bao nay, nhém nghién ciru dwa ra
mot phuong phép tinh toan ning luong laser xung st dung dé chiéu sang phi hop véi cac théng
sd cua thiét bi quan sat dudi nude va didu kién méi trudng sir dung.
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2. PIEU KIEN QUAN SAT VA CAC THONG SO DE TiNH TOAN NANG LUQNG
LASER TRONG THIET BI QUAN SAT DUOI NUOC

CAu tao cuia thiét bi quan sat dudi nude sir dung ngudn chiéu sang laser xung gom 3 khoi
chinh: Khoi chiéu sang bang xung laser, khoi thu nhan hinh anh, khoi diéu khién va dong bd tin
hi€u thu phat laser. So @6 khoi cac thanh phan cua thiet bi dugc thé hién trong hinh 1.
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Hinh 1. So' d6 khéi thiét bi quan sdt dwéi nude.

Viéc tinh toan 1y thuyét mé phong nham xéac dinh va lya chon ngudn laser xung chiéu sang
phu hop cho thiét bi quan sat dudi nude blen 12 mot bai toan rat phuc tap vi no phu thudc vao
nhiéu yéu té méi truong nhu: ndng do mudi va cac chat huyén phu trong nudce bién, nhleu dong
moi trudng bién... Bé tinh toan xac dinh dugc nang luong nguon laser chiéu sang can dung
chung t6i dua ra gia thuyét vé mot sé thong sb cua didu kién moi truong va thong sé dau vao cu
thé nhu sau:

2.1. Cic gia thuyét vé diéu kién va muc tiéu quan sat

St dung thiét bi quan sat dudi nudc chiéu sang bang laser xung trong diéu kién maéi trudng
nude bién. Pic trung quang hoc cia nudce bién 1a d¢ trong duge do bang khoang cach nhin thay
dia bac (dia Secchi) ban kinh 30 cm [5], d6 trong sudt ciia dai dwong t6i da do dwogc 12 66 m [6].
O day, nhom nghién ctru tinh toan cy ly phat hién va nhan dang d6i tugng quan sat 1a nguoi
trong didu kién do trong ciia nude bién 1a zp, = 25 m voi gia thiét cac thong sb cu thé nhu sau:
chiéu cao ctia muc tiéu quan sat: H=1,6 m; h¢ s0 phan xa bé mit ciia muc tiéu tai budc song 532
nm: p, = 0,55; hé s6 phan xa cta phong nén tai budc séong 532 nm: pp = 0,15; xac sudt phat
hién va xac suat nhan dang muyc tiéu: Ppy = 0,9, Pyp = 0,8.

2.2. Thong sb ciia kénh phat chiéu sing xung laser

Dbi véi cac thiét bi quan sat dudi nude sir dung ngudn chiéu sang bang laser xung ma ching
t6i da gioi thidu ¢ trén thi nguoi ta thuong sir dung laser bude séng ving 532 nm. Vi vay, ngudn
laser chiéu sang cua thiét bi voi cac thong sb gia thiét nhu sau: budc song lam viée: A = 532 nm;
nang luong xung chiéu sang Laser: Ao, mJ; do dai xung: t, = 3 ns; goc mé xung laser tai dau ra
kénh phat: 2a,, = 10°; tan s6 lap xung: f= 1 kHz.

2.3. Thong s6 ciia kénh thu tin hi¢u

Kénh thu tin hiéu sir dung vat kinh quan sat truyén tin hiéu dén dau thu anh. O day, chung toi
sir dung dau thu anh 1a ICCD cua hiang Photonic (Anh) [7] hodc Inocturn HI-QE Green ctia hing
Photonis (Ha Lan) [8] ¢ chirc nang dong mé gate sir dung cam bién CCD hodc CMOS tich hop
b bién dbi quang dién (EOP) thé hé 2. Thong sé cua du thu duoc thé hién trong tai liéu [7, 8].

Thong sb cua vat kinh kénh thu st dung trong bai toan nay cu thé nhu sau: tiéu cu vét kinh:
f, = 100 mm; duong kinh théng quang: D,, = 50 mm; h¢ sé truyén qua: 7, = 0,8.
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2.4. Thong s6 mach xir Iy tin hi¢u

Tan s6 mach xa 1y hinh anh fc = 100 MHz.
2.5. Thong s6 ciia man hinh hién thi hinh anh

Tin hiéu hinh anh muc ti€u thu duoc qua hé théng quan sat dugc hién thi 1én man hinh cho
nguoi quan sat. Trong bai toan nay, nhom nghién ctru lwa chon loai man hinh kich thuéce 31,5
inch phéﬂ bién trén thi truong d€ hién thi hinh anh thu Quqc nay, cac théng s0 cua man hinh hién
thi cu thé nhu sau: kich thudc duong chéo man hinh hién thi: 31,5 inCI}; s0 lugng di€m anh: 3840
x 2160; kich thudc pixel: 0,272 x 0,272 mm; do sang ctia man hinh hién thi: Ly = 35 cd/m?.
2.6. Thong s6 ky thuat vé kha ning quan sit cia mit nguoi

Hinh anh hién thi qua man hinh dugc quan sat boi mét nguoi, gia dinh ngudi quan sat co kha
ning quan sat binh thudng, cac thong sd cu thé ciia méit ngudi binh thuong nhu sau: khoang cach
quan sat: R = 0,5 m; thoi gian luu anh trén vong mac: tw= 0,2 s [9]; ti 1¢ tin trén tap SNR dé xéac
dinh d¢ phan giai nho nhat: 2,5 [10].

3. TINH TOAN CU LY HOAT PQNG CUA THIET BI QUAN SAT DUGI NUGC PHU
THUQC VAO NANG LUQNG LASER XUNG CHIEU SANG

3.1. X4c dinh ham truyén ciia kénh thu birc xa thiét bi quan sat

Dé c6 thé tinh toan xac dinh mdi quan hé gitra cu ly hoat dong cua thiét bi quan sat dudi nude
v6i ning luong laser xung chiéu sang, nhom nghién ciru cin dua ra mé hinh toan hoc cac qua
trinh truyén va tai tao hinh anh ctia myc tiéu thu dwoc théng qua thiét bi quan sit trong moi
truong nude bién. Muc tiéu quan sat c¢6 thé dugc xem 1a mot tap hop thong tin (d9 sang) trong
khong gian va thoi gian s (X, y, z, A, t) (trong do: X, y , z 1a toa d§ khong gian ctia muyc tiéu, A 1a
budc song phat xa/phan xa tir muc tiéu, t 1a toa d6 thoi gian cia muc tiéu). Nhimg thong tin nay
clia muyc tiéu dugc truyén trong moi trudng nude bién va thu nhan, tai tao boi thiét bi quan sat
dudi nudc tao ra hinh anh cua myc tiéu s’(x’, y’, z°, ', t'). Moi truong nuge bién va thiét bi quan
sat c6 thé duoc xem la cac kénh truyén tin hiéu. Anh hucmg ctia kénh truyén tin hiéu 1én hinh anh
thu nhan dugc cia muc tiéu duge mo ta bang ham truyén (MTF) cta kénh truyén [11]. Ham
truyén (MTF) cta kénh thu bic xa TKT(\‘)X, ﬂy) thiét bi quan sat dugc tinh toan theo cong thirc
sau [12]:

Tir (9% 9y) @
= Tok (9% 9y)- Teop (9% 9y )- Tee (9% 9y )- Tmxr. (9% Oy ). Tvan (Ox, 9y )- Tm (95, 9y)

Trong d6: Tox(9x 9y), TEOP(SX, 95), Teg (9%, 9y ), Tvxe (9% 9y). TMH({)X, 95), Tm (9, ay)
twong ung lan luot 1a cac ham truyén cua vat k|nh kénh thu buc xa, EOP, cam bién hinh anh, truyén
ctia mach xr Iy hinh anh, man hinh hién thi va mat nguoi; 9, 9y la tan s6 khong gian, (mm™).

3.2. Xac dinh tinh chit quang hoc cia nwéce bién va xac dinh ham truyén cua tin hiéu trong
méi trueong nuwéc bién

Anh sang truyén trong nudc bién bi suy giam boi hai hién tuong chinh 14 tan xa va hép thu.
Trong d6, hién tugng tan xa anh sang xay ra chi yéu do cac chat huyén phu trong nudc va duoc
dic trung boi hé s6 tan xa &nh sang o. Cuong do hap thu anh sang trong méi truong nude bién xay
ra phu thudc vao cac thanh phan cta nude, duoc dic trung boi hé sé hap thu kyp. Cac thong s cua
mdi truong nude bién dugc tinh toan cu thé theo tai liéu [13] thu dwoc két qua trong bang 1:

Bdng 1. Cdc thong s6 quang hoc cia moi truong nuoc bién.

Zp, M A g,m?t U kpr, m™

25 0,78 0,2 0,072 0,044
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Trong d6: € 1a hé sb suy giam anh sang trong nu6c bién; A 1a xac suét photon anh sang con
ton tai trong moi truong nudcC; p 1a hé s6 chi thi tan xa dnh sang trong moi truong nude.
Ta c6 ham truyén tan xa trong moi trudng nudc bién [12]:

Torx(?) [ fez + et ] @
x(V) =exp|-Aez + ———=
B VQ@ruv)? +1
Ham truyén trong trudng hop nhidu dong méi truong nudce bién [12]:
, (AV'kyr)?(An)?z
Tpnp (V') = exp [— Hga 3)

Véi modi truong nude bién, chiét suit cia moi truong n = 1,34; (An) = 107°;a=0,5 m la quy
mo khong gian dic trung cta gia tri chiét suat.
Nhu vay, module ham truyén tong trong méi trudng nudc bién duoc tinh theo cong thirc [6]:
Tg(v") = Tgrx(v'). Tg np (V') (4)
Biéu do biéu thi su thay ddi cua ham truyén trong moi trudong nudc bién phu thude vao cu ly
quan sat muc tiéu dugc thé hién trong hinh 2.

T, (V)

Hinh 2. Ham truyén ciia méi truong mede bién doi véi muc tiéu & cdc cu ly khdc nhau: z, = 100
m,z,=30m, zz=10m.
3.3. Xac dinh d¢ twong phan ctia muc tiéu quan sat
Do tuong phan gdc giita vat va phong nén duge xac dinh theo cong thire [12]:
Pv — Pp
Pyt Pp
Véi p, = 0,55 va pp = 0,15 nhu gid thiét & trén, thay vao (5), ta co: k,,,, = 0,57.

®)

kyp =

Do tuong phan clia muc tiéu so voi phong nén k dugc xéac dinh tai mat phang anh, khac voi
d6 twong phan gbc kyp va nd duge tinh toan theo cong thire sau [12]:
kCB — kUpTMT(v,)
vP 1 4 2:MTXN 2.nrxy (6)
ny, + Ny
Trong dé, n,, va n,, 12 s6 luong photon ma mai pixel cam bién nhan duoc. Do kénh thu cta thiét
bi quan sat sir dung ICCD hodc Inocturn ¢ chirc ning déng mé cira s6 diél} tir nén c6 thé xem s6
luong hat quang dién do hién tugng nhiéu tan xa nguoc thu dugc ciia cam bién nyyy = 0. Do d6:
ks = kypTg(v') = 0,57.Tz(V") (7
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3.4. Xac dinh d) twong phan phan giai nhé nhat
D phan giai duoc xé&c dinh theo cong thure [12]:

SNR i ar
kmin(v )__ ==

v 8
16 Tyer (v)\/0,5(ny + 1y + nipyy) || tmficdm ®)

Trong do, q,, 1a ty 1€ kich thude cap vach cua mia danh gia, thuorng dbi vai hé théng quang
hoc ngay ty 1¢ nay dugc sir dung la 7:1. Ti 1€ tin trén tap SNRp;p dé xac dinh d6 phan giai nho
nhét theo nguyén tic 1a phu thudc vao tan sé khong gian cua myc ti€u quan sat, tuy nhién, c6 thé
thuc hién theo phuong phap FLIR-92 gia tri nay gidng nhau véi tt ca cac diéu kién phat hién
muc tiéu va bang 2,5 [10].

3.5. Xac dinh cu ly quan sat ciia thiét bi quan sat dwéi nuéc

Cu ly quan sat z ciia thiét bi quan sat dudi nudc laser xung chu dong 1a diém giao cat ctia dd
thi ham sé d6 phan giai twong phan nho nhat va do twong phan quan sat duoc. Cac ham sb trén
dugc biéu dién dudi dang ham sé phu thudc vao cu ly quan sat, nhu vay 1a: ki, (2) Va kCB (2).
Diéu nay duoc thyc hién nhd méi lién hé giita tin s6 khong gian v’ va véi cu ly quan sat z trén
co s& cua tiéu chuan Johnson [14]:

v = )

Trong do: N - S6 chu ky cua mia twong duong, duge dat [én kich thudce gidi han cia muc tiéu
quan sat; H — Chiéu cao muc tiéu. Tiéu chuan hién dai (bién thé cia tiéu chuan Johnson) x4c
dinh chu ky cua mia twong duong véi muc ti€u theo bang sau [14]:

Bing 2. Tiéu chudn hién dai xdc dinh chu ky ciia mia [14].

Mirc d§ quan sat Nso
Phat hién 1,0
Phéan biét 4,0

Nhin dang 8,0

Trong d6, Nso 12 s6 chu ky khi x4c sudt, phat hién, phan biét, nhan dang muc tiéu 1a 50%. Sb
chu ky tuong duong sé dugc tinh theo cong thirc sau:
N = po X Nso (10)
trong d6, po 1a hang sé duge cho theo bang sau [15]:
Bing 3. Cdc gid tri ciia hang s6 py theo xdc sudt [15].

Xiac Suit 1,0 0,95 0,8 0,5 0,3 0,1 0,02 0

Hang sb p, 3,0 2,0 15 | 1,0 | 075 | 050 | 025 0

Xac suét phat hién muc tiéu 13 Ppy = 0,9; Xéc suét nhan dang vat thé: Pyp= 0,8. Nhu vay, chu
ky ctia mia tuong duong c6 cac gia tri nhu sau:

N, =0,9x2 = 1,8Vva Npg = 8x1,5 = 12 (11)

Véi kich thude myc tiéu H = 1,6 m ta ¢ sy phu thudc ciia tin sé khong gian vao cu ly quan
sat khi phat hién muc tiéu 1a: v’ = 1,125z rad™* va khi nhan dang muc tiéu: v’ = 7,5z rad™.

Thay gia tri ndy vao cong thirc tinh ham sé do phan giai tuong phan nho nhit va do twong
phan quan sat dugc ta nhan dugc sy phu thudc cac ham sd trén vao gia tri cy ly quan st Ky, (2)
va kCB (2). Vi laser chiéu sang c6 nang lugng Ay va do rong xung 3ns, tan lap 1 kHz, muc tiéu
co chleu cao H = 1,6 m, xac suét phat hién Ppy = 0,9, xac suét nhédn dang muyc tiéu Pyp = 0,8 ta
nhan dugc d6 thi biéu dién phu thudc cac ham sb ki, (2) va kS (Z) vao cu ly quan sat z nhu
hinh 3 va hinh 4. Trong do:
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- Ham 6 Ky, (2) 14 ham sé d6 phén giai twong phan nhé nhat ciia muc tiéu (dé mét ngudi

c6 thé phén biét duoc).

- Ham s6 kS5 (z) 1a ham s6 do tuong phan quan sét dugc (d0 twong phan clia muc tiéu so

v6i phong nén).

0.1
_kmm(z)
kvp(z)
0.08

0.06
0.04

0.02
0 X317

Y 0.0055255

o

0 10 20 30 40 50 60 70 80

a) Ap=1ml

0.1
—K @
km(z)

0.08

X345
Y 0.0035703
0 — e seon ) SRAR R SR U9 SR N0 B0 U AR IR IRAR
0 10 20 30 40 50 60 70 80

c) Aj=5mJ

0.1

= min(2)

k()
0.08
0.06
"
0.04
0.02
X 33.5
Y 0.004173
0 I SRR L L 0 R ) IO 40 A
0 10 20 30 40 50 60 70 80
z
b) A;=3mJ

0.1

—Kmin @)

Ko@)
0.08
0.06

&
0.04
0.02
X351
Y 0.0032514
0 10 20 30 40 50 60 70 80
b 4
d Aj=7mJ

Hinh 3. Do thi biéu dién phu thudc cdc ham s6 ko (2) Va k55 (2) vao cu ly quan sdt z khi xac
sudt phdt hién Ppy = 0,9 véi cdc mirc nang lwong laser Ao khac nhau.
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Hinh 4. Do thi biéu dién phu thuéc cdc ham s6 ko, (2) Va k58 (2) vao cu ly quan sdt z khi xac
sudt nhdn dang Pyp = 0,8 véi cdc mire ning leong laser Ay Khac nhau.
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Tu céc tinh toan vé cu ly quan sat muc tiéu toi da voi cac nguon chicu sang laser khac nhau,
ta nhan dugc d6 thi vé moi twong quan gilrta nang lugng chicu sang laser va cu ly quan sat muc
tiéu duogc biéu dien nhu hinh 5.

36 30
B = £
* 025
[N 4
N 32 N
30 20
0 2 4 6 8 10 0 2 4 6 8 10
A, mJ Ao, mJ
a) b)

Hinh 5. D6 thi biéu dién phu thuge cua cu ly quan sat myc tiéu z vao nang lwong xung laser
chiéu Sdnng khi: a) Ppy=0,9; b) Pnp=0,8.

Do thi hinh 5 ¢ trén cho thdy, dé dat dugc cu ly phat hién myc tiéu den 30 m va cy ly nhan
dang muyc tiéu dén 27m can sir dung nguon laser c6 ning lugng xung A, téi thicu 1a 5 mJ (véi do
rong xung 3 ns va tan lip xung 1 kHz). Khi ning luong xung laser vugt qua 5 mJ, cy ly phat hién
va nhan dang muc tiéu tang 1én khong dang ké.

Céc két qua hinh 3, hinh 4 va hinh 5 & trén 14 nhiing tinh toan 1y thuyét nham dwa ra mbi
tuong quan gitra nang luong chiéu sang laser va cy ly quan sat myc ti€u. Day Ia m6 hinh tinh
toan ly thuyet ly tuong, nhom nghién ctru tam thoi bo qua cac yéu to thiét ké, gia cong h¢ quang
nhu: chit luong thiét ké vat kinh thu anh, vat kinh m¢ rong chum tia laser va chat lugng gia
cong, lap rap cac vat kinh nay. Trong giai doan tiép theo, nhém nghién ciru hy vong co thé chinh
xac hoa hon mbi tuong quan trén khi da do chinh xac dugc ham truyén MTF cua vat kinh, bo
bién d6i quang dién,... sau khi gia cong, lap rap va tong lap trong thiét bi quan sat dudi nudc
hoan chinh.

4. KET LUAN

Trong bai béo nay, nhom nghién ctru da trinh bay cac két qua mé phong tinh toan ning luong
chiéu sang laser cho thiét bi quan sat dudi nudc véi cac gia thuyét vé diéu kién moi truong, ddi
tugng quan sat, cac thong sb cua laser va hé quang vat kinh thu anh. Cac két qua cho thay mdi
quan hé giira cu ly hoat dong cia thiét bj quan sat v6i cong sudt xung laser phatra. Cu thé, dé dat
dugc cu ly phat hién muc tiéu dén 30 m va cu ly nhén dang muc tiéu dén 27 m can sir dung
ngudn laser c6 nang luong xung A t6i thiéu 1a 5 mJ. Khi nang luong xung laser vuot qua 5 mJ,
cu ly phat hién va nhan dang muc tiéu ting 1én khong dang ké. Cac két qua thu duoc gitp cho
thiét bi co thé quan sat dugc cac muyc ti€u ¢ cac cu ly nhét dinh phu thudc vao nang lugng laser
chiéu séng trong mdi trudng nude bién day thach thirc.

Léi cam on: Nhém tac gia cam on sie tdi tro vé kinh phi cua dé tai “Nghién ciru thiét ké, ché tao khi tai

quan sdt didi mede phuc vu bao vé khu vuee trong yéu va tim kiém ciru nan, cieu ho trén bién” d@é hodan
thién bai bao trén.
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ABSTRACT
Research and calculate the theory of laser pulse energy for water observation equipment

In this paper, the results of the theoretical calculation of laser pulse illumination energy
of underwater observation equipment were presented. Using a simulation of environmental
conditions, observed objects, parameters of laser pulse width, repetition frequency and
optical objective system to obtain images, thereby determining the laser pulse energy
depending on the distance. Specifically, the results had shown that to achieve human target
detection distance of up to 30 m and identification to 27 m, it is necessary to use a laser with
a pulse energy of at least 5 mJ (with a pulse width of 3 ns and frequency of 1kHz). This
result ensures the selection of suitable laser pulse illumination energy for underwater
observation equipment according to the requirement of target observation distance.

Keywords: Underwater vision devices; Pulsed lasers; Range-gated underwater laser imaging.
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