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Tém tit: Nghién ciru nay tdp trung danh gia hiéu qua thuc té cia kién triic da xir Iy
doi xirng (Symmetrical Multiprocessing - SMP) trén dong vi diéu khién ESP32-WROOM-
32E-N4. Bang phwong phdp thic nghiém, chiing t6i so sanh thoi gian thye thi cia cdc thudt
todn tinh todn dau phdy déng (floating-point arithmetic) trong hai kich ban: chay tuan tw trén
don nhdn va chay song song trén hai nhan. Két qua thiee nghiém cho thdy, doi véi cdc tac vu
tinh todn chuyén sau (compute-bound) co khoi lwong du lon, viéc tan dung 6§ thir hai giup hé
théng dat mike tang toc 1.995 lan, twong dwong hiéu sudt 99.7% so véi Iy thuyét. Tuy nhién,
nghién ciru ciing chi ra rang & cdc tac vu c6 thoi gian thee thi ngdn (dwdi 4 mili gidy), chi phi
khéi tao tac vu va quan 1y ngit canh cia hé diéu hanh thoi gian thwce (FreeRTOS) sé lam giam
ding ké hiéu qua song song héa. Nhitng phdt hién nay cung cdp co so quan trong cho viéc
t6i wu héa g dung dién todn bién (Edge Computing) trén cdc thiét bi IoT gid thanh thdp.

Tir khéa: da xir Iy doi ximg (Symmetrical Multiprocessing - SMP), ESP32, FreeRTOS, kiém
chuan hiéu nang (Performance Benchmarking), vi diéu khién [10i kép (Dual-core Microcontroller)

I. Pit van dé

Su bung nd cua Internet van vt
(IoT) trong thap ky qua da dat ra nhing
yéu cau ngdy cang khit khe vé& ning luc
xur 1y tai bién (Edge). Céc thiét bi nhung
hién dai khong chi don thuan thu thap dix
liéu tir cam bién ma con phai thuc hién cac
tac vu phirc tap nhu ma hoa, xur 1y tin hi¢u
s6 (DSP) va chay cac mé hinh hoc may co
ban (Shi va cong su, 2016). Dé dap ung
nhu cdu ndy ma van dam bao hié¢u qua

ning lugng, cac nha san xuit ban din da
chuyén dich tir kién trac don nhan truyén
thdng sang kién tric da nhan. Trong phan
khiic vi diéu khién gia ré, dong chip ESP32
cua Espressif Systems la mot dai dién tiéu
biéu cho xu hudéng nay véi kién trac 15i
kép (Dual-Core).

Dbi twong nghién ctru chinh cua bai
bao cao nay la module ESP32-WROOM-
32E-N4, str dung vi xur Iy Xtensa® 32-bit
LX6 161 kép. Theo tai li¢u k¥ thuat tir nha
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san xuit, vi xtr 1y nay co kha ning van
hanh ¢ tan s6 xung nhip 1én dén 240 MHz
va s¢ hiru by nhd SRAM 520 KB (ESP32-
WROOM-32E & ESP32-WROOM-32UE
Datasheet, n.d.). Mot dic diém quan trong
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cua phién ban silicon V3 trén module nay
13 sy cai thién vé do on dinh so véi cac thé
hé trude, cho kha nang khai thac tdi da stc
manh cua cd hai 161 trong moi truong da
xur ly ddi xing.
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Hinh 1. Céu triic hé théng 16i kép PRO_CPU va APP_CPU trén Xtensa LX6

Mic du kién tric phan cimg hd trg
hai 16i vat 1y, viéc dat dugc hiéu suit gap
d6i trong thyc t& 1 mot thach thirc khong
nho. Theo Dinh luat Amdahl, tdc do tang
tc t6i da cua mot chuong trinh song song
ludn bi gidi han boi thanh phﬁn tuan tu cua
chuong trinh d6 (Amdahl, 1967). Trong
moi trudong vi diéu khién su dung hé diéu
hanh thoi gian thuc FreeRTOS, thanh phén
tun tu nay bao gém chi phi khoi tao tac
vu (task creation overhead), chi phi chuyén
d6i ngir canh (context switching) va do tré
do tranh chdp tai nguyén bd nhd chung
(Barry, 2024). Néu khong duoc quan ly
tbt, cac yéu t6 ndy co thé triét tiéu loi ich
ctia viée xur ly song song, tham chi khién
hé théng da nhan hoat dong cham hon don
nhan trong mot sb trudong hop cu thé.

Bai bdo cdo nay trinh bay phuong
phap do dac va phan tich dinh luong hi¢u

nang cua ESP32 thong qua mot loat cac
bai kiém thir (benchmark) véi d6 phirc tap
tang dan. Ching toi thiét ké mot thuat toan
tap trung vao tinh toan s6 hoc trén thanh
ghi dé giam thiéu su phu thudc vao bd nhé
Flash, ttr do c6 1ap va do luong chinh xac
nang lyc xir 1y ctia CPU. Két qua nghién
ctru s& 1am rd mbi tuong quan giita kich
thudc tic vu va hiéu suat song song, dong
thoi dé xuét cac chién luge 1ap trinh tdi uu
dé tranh céc 161 phd bién nhu treo hé théng
do Watchdog Timer hay xung dot by nhé
dém (cache contention).

I1. Phuong phap nghién ciru

2.1. Thiét lgp phin ciing va moi
truwdng phdt trién

DPb6i tuong thi nghiém 1a module
ESP32-WROOM-32E-N4 (st dung

silicon revision V3), dugc trang bi vi xtr
ly Xtensa® Dual-Core 32-bit LX6 van
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hanh ¢ tan sb xung nhip ¢ dinh 240
MHz (ESP32-WROOM-32E & ESP32-
WROOM-32UE Datasheet, n.d.). Viéc lya
chon phién ban silicon V3 nham loai bo
cac 161 phan cting (errata) ton tai trén cac
phién ban tién nhiém, dam bao d6 6n dinh
t6i da khi ca hai nhan hoat dong & cong
suét cyc dai.

V& moi truong phan mém, thay vi st
dung Arduino IDE truyén théng, chung toi
phat trién ma ngudn trén nén tang Visual
Studio Code tich hop PlatformlO. Pay la
hé thong quan 1y du an chuyén nghiép cho
phép kiém soat chat ché cac phu thudc,
thu vién va thong sé bién dich. Cau hinh
du 4n duoc thiét 1ap trong t&p platformio.
ini véi framework arduino, toc do giam
sat (monitor speed) 115200 baud va tan sb
CPU dugc khoa cimg ¢ miic 240 MHz dé
loai bo cac bién dong do co ché tiét kiém
nang lugng (Dynamic Frequency Scaling)
gdy ra.

2.2. Thiét ké thudt todn kiém chudn

Pé danh gia khach quan hiéu niang
xur Iy ctia kién tric da nhan Xtensa® LX6,
yéu cau tién quyét 1a phai co lap dugc
nang luc tinh toan cuia CPU khoi cac yéu
td ngoai vi khac nhu tde do truy xuét bd
nhé hay d6 tré ctia cac ngoai vi nhép/xuét
(1/0). Do d6, thuat toan kiém chuan trong
nghién ctru nay duoc thiét ké theo dinh
hudng register-based compute-bound, tirc
gidi han cua tdc do tinh toan dua hoan
toan vao cac thanh ghi (registers).

Cu thé, chung t61 xay dung mot ham
tinh toan thuc hién 1ap di 1ap lai cac phép
toan s6 hoc dau phdy dong phirc tap, bao
gdm phép cin bac hai, phép nhan va phép
chia sd thuc. Khac véi cac thuat toan phu
thudc bo nhé (memory-bound) (Williams
va cong su, 2009) von doi hoi bang thong
16n dé luan chuyén dir liéu gitta RAM va

CPU, thuat toan nay chii yéu thao tac trén
cac thanh ghi ndi b cua b vi xu ly.

Dic biét, dé dam bao tinh chinh xac
cua phép do trong moéi truong bién dich
t6i wu (nhu ¢ -O2 hodc -Os thuong ding
trong PlatformIO), tit ca cac bién s6 tham
gia vao vong lap tinh toan déu duoc khai
bao voi tir khoa volatile. Ky thuat nay chi
thi cho trinh bién dich khong dugc phép
thuc hién cac tdi wu hoa tu dong (nhu tinh
toan trudc két qua héng s6 hoic loai bo cac
vong lap khong tao ra thay ddi trang thai
bén ngoai). Nho do, ching t61 bude don vi
s6 hoc dau phay dong (FPU) cua timg nhan
phai thyc thi tron ven tirng chi Iénh trong
thoi gian thye, ddm bao s6 liéu thu duogc
phén anh trung thuc suc manh xir ly tho
(raw performance) ctia vi diéu khién.

2.3. Gidi phdp én dinh hé théng va
Watchdog Timer

Trong mdi truong hé diéu hanh thoi
gian thuc FreeRTOS, co ché bao vé Task
Watchdog Timer (TWDT) duoc thiét ké
dé giam sat va khoi dong lai hé thong néu
mét tac vu chiém dung CPU qué lau ma
khong nhudng quyén diéu khién (yield).
Véi cac bai kiém thir cuong do cao (1én
dén 10 triéu phép tinh trong thi nghiém cua
ching t61), viéc don nhan hodac da nhan
chiém dung 100% tai nguyén CPU s& kich
hoat co ché nay, gdy ra hién tugng reset
hé théng khong mong mudn (Watchdogs -
ESP32 - - ESP-IDF Programming Guide
v3.5.2 Documentation, n.d.).

Dé giai quyét van dé trén ma khong
lam gian doan ludng tinh toan, chang toi
da can thiép vao cdu hinh cia TWDT
thong qua thu vién esp_task wdt.h. Thoi
gian cho (timeout) cua Watchdog duoc
mo rong tor 5 gidy mdc dinh 1én 60 giay,
déng thoi ché do «Panicy (tw dong reset)
bi vo hiéu hoa. Ciu hinh nay cho phép cac
tac vu kiém chuin hoan thanh chu trinh



tinh toan dai ma khong bi hé didu hanh
ngat quang, trong khi van duy tri co ché
bao vé nén tang & murc do tdi thiéu.

2.4. Chién lwgc phén luéng va quy
trinh do luong

M0 hinh thyc thi song song dugc ap
dung 1a m6 hinh “Fork-Join”. Qua trinh thi
nghiém dién ra theo trinh tu sau: Trudc tién,
hé thdng thue hién do luong thoi gian xur Iy
tudn tu trén mot nhan don 1é dé thiét lap mbe
so sanh co s¢ (baseline). Sau khoang thoi
gian nghi 2 gidy dé tan nhiét va on dinh dién
ap, hé théng tién hanh phan chia khéi luong
cong vi€c thanh hai luéng doc lap.

Ching t61 st dung ham
xTaskCreatePinnedToCore cua FreeRTOS
dé gan tac vu con thtr nhét vao Core 0 va
tac vu con thir hai vao Core 1. Ca hai tac
vu nay duoc thiét 1ap do uu tién (priority)
muc 2, cao hon mirc mac dinh cua vong
1ap hé thdng, nham dam bao quyén uu tién
su dung CPU. Thoi gian thyc thi dugc do
ludng chinh xac dén timg micro gidy (ps)
bang ham micros(), bit dau tir khi cac tac
vu duoc khoi tao cho dén khi tin hiéu hoan
thanh duogc thu nhan tir ca hai luéng.

II1. Két qua va thio ludn

Qua trinh kiém chuan duogc thuc
hién ty dong thong qua chudi bai thu
nghiém véi khéi luong tinh toan ting dan
theo lity thira ctia 10, tir mic thap nhét
1a 1.000 vong lap dén mirc cao nhét 1a
10.000.000 vong lap. Tai mdi mbc kiém
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thir, hé thong ghi nhan thoi gian thuc thi
ctia ché d6 don nhén (Single-Core) va ché
do da nhan (Dual-Core) véi d6 chinh xac
tinh bang micro gidy (us) sau d6 quy doi
sang mili gidy (ms) dé thuan tién cho viéc
so sanh va trinh bay.

3.1. Dir liéu do lwong

Két qua do luong chi tiét duoc tong
hop trong Bang 1. Dit liéu cho thiy thoi gian
xir Iy ty 16 thuan véi s luong phép tinh, phan
anh tinh 6n dinh cua vi xir Iy Xtensa® LX6
khi hoat dong & xung nhip 240 MHz. Mdt
chi sb quan trong dugc tinh todn la H¢ )
tang toc S (Speedup Factor), dugc xac dinh
bang ty 1é giita thoi gian chay don nhan (T)
chia cho thoi gian chay da nhan (T ):

TS

= (D

Mot chi s6 quan trong khac dugc tinh
toan trong nghién ctru 1a Hiéu suat Song
song (Parallel Efficiency), ky hi¢u la £. Chi
s6 nay danh gia mirc do hiéu qua trong viéc
sir dung tai nguyén phan cimg, cho biét hé
thong thyuc té dang hoat dong bao nhiéu
phan trim so v6i cong suit 1y thuyét cua ca
hai nhan. Cong thirc tinh nhu sau:

S
E==x100% )
P
Trong do:
S 1a Hé s6 tang tdc.

P 13 s6 luong nhéan xu 1y (trong thi
nghiém nay, P=2).

S0 vong lip | Thoi gian Pon nhan | Thoi gian Da nhan | Hé so ting toc | Hi¢u suat Song song
N) (Ts) (Td) ®) (E)
1,000 4.14 ms 2.97 ms 1.3909x 69.5%
10,000 40.63 ms 21.98 ms 1.8484x 92.5%
100,000 406.22 ms 203.98 ms 1.9914x 99.5%
1,000,000 4,068.19 ms 2,038.98 ms 1.9952x 99.7%
10,000,000 40,760.67 ms 20,426.98 ms 1.9954x 99.7%

Bang 1. Thoi gian thuc thi va Hé sé tang toc ciia ESP32-WROOM-32E-N4 qua cdc mire tdi

Lueu ¥: Thoi gian do dwoc di diege lam tron dén hai chit s6 thap phan sau khi chuyén doi tir don vi micro gidy

khdc nhau
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3.2. Phén tich xu hwong trén biéu do
Pé tryc quan héa mdi twong quan
gitta khoi lugng cong viéc va hiéu qua
cua kién trac da nhan, chung ti bicu dién

dir liéu trén biéu d6 (Hinh 2). Truc hoanh
biéu thi s6 vong lap theo thang do logarit
co s6 10, truc tung biéu thi hé sb tang tde
theo thang do tuyén tinh.

Hé sé tang toc theo so lugng vong lap

2l — e ———————

1.8484x

Hé 56 tang tic (Speedup Factor)

1.3909x

1.9952x 1.9954x%

=8— Thyc nghiém
== Gigi han ly thuyét (2.0x)

10° 107

Sd lugng vang lap (Log Scale)

Hinh 2. Biéu do thé hién hé so6 tang téc theo s6 luwong vong lap. Puong biéu dién tiém cin
muec gioi han ly thuyét 2.0x khi tai trong tang lén

Qua biéu do, ta thay rd hé s ting
tdc dan tiém can muc 2.0. O cac muc tai
thap (dudi 10.000 vong lip), dudng biéu
dién c6 d6 dbc 16n, xuét phat tor mc
1.39x va ting nhanh 1én 1.85x. Diéu nay
phan anh giai doan ma chi phi khdi tao tac
vu van con anh huéng dang ké dén tong
thoi gian thyc thi. Khi khdi luong cong
viéc vuogt qua ngudng 100.000 vong lap,
duong biéu dién di ngang (bdo hoa) va 6n
dinh & mtre 1.99x. Tai diém nay, duong dd
thi gan nhu tring khit véi dudng gidi han
1y thuyét (S=2), chirng to hé thong da tiém
can trang thai cAn bang tai tdi uu.

3.3. Phan tich hiéu qua song song
hoa va chi phi quan ly

Két qua thuc nghiém tir nghién ctru
nay da 1am sang t6 mdi quan hé phi tuyén
tinh gitta khdi luong cong viéc va hiéu
suat ting toc trén nén tang ESP32. Tai
murc tai thdp nhat (1.000 vong 13p), hé sd
tang toc chi dat 1.391x, thap hon dang keé
so v6i muc ky vong 1y thuyét 1a 2.0x. Hién

tuong nay co thé duoc giai thich thong
qua co ché quan Iy tac vu cua hé diéu
hanh FreeRTOS. D¢ kich hoat ché do da
nhan, hé théng phai thuc hién mot loat cac
thao tac nén tang (overhead) bao gom: cp
phat ngan xép (stack allocation), khoi tao
khéi diéu khién tac vu (TCB) va thuc hién
chuyén d6i ngir canh (context switching)
(Barry, 2024). Khi thoi gian tinh toan thuc
té qua ngan (dudi 3 mili gidy), cac chi phi
quan 1y ¢6 dinh nay chiém mot ty trong
16n trong tong thoi gian thuc thi, dan dén
viéc 1am giam chi s6 hiéu suit song song
xudng con 69.5%.

Nguoc lai, khi khdi lugng tinh todn
tang 1én dén 10 triéu vong lap, thoi gian
thuc thi kéo dai hon 20 gidy. Luc nay, chi
phi khéi tao ban dau trd nén khong dang
ké so voi tong thoi gian xir 1y. Hé s ting
toc dat 1.995x (hidu suat 99.8%) cho thay
kién triic Xtensa® LX6 Dual-Core c6 kha
ning mo rong tuyén tinh gan nhu hoan
héo ddi véi céc tac vu doc lap. Diéu nay



cling xac nhan tinh ding dan cua chién
luge thiét ké thuat toan register-based
compute-bound ma chung t6i da dé& xuét
0 Muc 3.2. Béng cach han ché tbi da viéc
truy xut bo nhé Flash ngoai va giit dit liéu
nam trong cac thanh ghi, hai nhan CPU ¢6
thé hoat dong song song hét cong suit ma
khong gip phai hién twong nghén cd chai
tai bus dit liéu hay tranh chap bo nh¢ dém.

Bén canh d6, nghién cuu ciing lam
ndi bat vai tro quan trong cua vi¢c quan ly
Watchdog Timer trong cac ung dung hi¢u
nang cao. Vi¢c tinh chinh thoi gian cho 1€n
60 gidy dd chimg minh 13 giai phap can
thiét dé duy tri sy on dinh hé théng, ngan
chin céc su ¢ khoi dong lai ngoai y mubn
khi CPU bi chiém dung hoan toan boi cac
tac vu dién toan bién (Edge Computing).

IV. Két luan

Nghién ctru nay da danh gia toan dién
kha ning xtr Iy da nhan cta vi diéu khién
ESP32-WROOM-32E-N4 thong qua cac
bai kiém chuén tinh toan ddu phdy dong.
Két qua cho théy viéc su dung ky thuat 1ap
trinh da ludng (multi-threading) ¢6 thé giup
giam mot nura thoi gian xtr 1y cho cac tac vu
nang, bién ESP32 tré thanh mot ung vién
sang gia cho cac ng dung IoT doi hoi nang
lue xtr 1y tai chd nhu xir 1y tin hiéu s6 hay
chay cac md hinh hoc may don gian.

Tu nhitng dir li¢u thu duoc, ching
t6i dua ra cac kién nghi ky thuat sau cho
viéc phat trién ng dung trén nén tang
nay: Tht nhat, chi nén ap dung mé hinh
da nhan cho cac tac vu co6 thoi gian thuc
thi wdc tinh 16n hon 10 mili gidy. Déi véi
cac tac vu qua nhd, chi phi quan ly cua
h¢ diéu hanh s& triét tiéu loi ich cua viéc
song song hoa, khién viéc chay tudn tu
trén don nhan tr¢ thanh lya chon hiéu qua
hon. Thi hai, khi thiét ké céc thuat toan
song song, lap trinh vién can tdi vu hoa
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viéc su dung thanh ghi va by nhdé RAM
ndi bo, han ché tbi da viée truy xuét déng
thoi vao bd nhd Flash dé tranh xung dot
duong truyén. Cudi cung, viéc cau hinh
lai Task Watchdog Timer 1a bt budc khi
trién khai cac thuat toan tan dung 100%
tai nguyén CPU dé dam bao hé thong van
hanh lién tuc va tin cdy.
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ERFORMANCE ANALYSIS OF SYMMETRICAL
MULTIPROCESSING (SMP) ON THE ESP32-WROOM-
32E-N4 MICROCONTROLLER

Quach Thi Hanh', Nguyen Thi To Uyen'

Abstract: This research focuses on evaluating the practical effectiveness of Symmetrical
Multiprocessing (SMP) architecture on the ESP32-WROOM-32E-N4 microcontroller. Using
an experimental methodology, the study compares the execution times of floating-point
arithmetic algorithms across two scenarios involving sequential execution on a single core
and parallel execution on dual cores. Experimental results demonstrate that for compute-
bound tasks with a sufficiently large workload, leveraging the second core allows the system to
achieve a speedup factor of 1.995, which is equivalent to 99.7% of the theoretical performance
limit. However, the study also indicates that for tasks with short execution times of less than 4
milliseconds, the overhead associated with task creation and context management within the
FreeRTOS real-time operating system significantly reduces parallelization efficiency. These
findings provide a critical foundation for optimizing Edge Computing applications on low-

cost IoT devices.

Keywords: dual-core microcontroller, ESP32, floating-point, performance benchmarking,
FreeRTOS, symmetrical multiprocessing (SMP), Xtensa LX6
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