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Note: Q,. is the heat of the core layer of the pig body, Oy is the heat of the skin
layer of the pig body, O, is the heat produced by metabolism, Q, is the heat
conducted by tissues, O, is the convective heat transfer by blood, Qy, is the heat
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RIKAT NI H A BE W T R AR A, JUHAE RN IR
BT, ORI AERE AR PRz i LS AL B . HH X L
PR A A R B E AT B, sk (13D s

Q" = Qui - exp(Cant* farink (Te = Tair)) (13)
A QL RS IE J5 BRI BT, W/m?; Cy A2 W
BUATUE I R0, min/C.
34 FEENIGSHIEEX S
341 RKE-FE 5NN %IRRT

R IGTE Ubuntu 20.04 R F k4T, BAEF &N
NVIDIA RTX 3090 GPU (24 GB &77) . A
Python 3.9 PyTorch 2.0 PL &% MATLAB/Simulink, /it &
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HEFRAE PyTorch HEAL R 58, XUTT SRR FAAE AR A K
& IE R A {47 BT S AE MATLAB/Simulink ¥4 55t SZH
342 ARAKAT AR HIEEMES RS

TRIKAT ARSI A 10 Mt 1 od () [ 52 Ll gl ik AT
i, AR EGREAR, IR Labellmg #4347 N TAR
o BikEMGE TR 2 R, HA OO b TR
S E AT IRE, HARRYOKEIIEE NS A, X
IKAT NELHRSE 6 000 FRARTE EUGA A, $Z 0] 7:2:1 X%
RNINGEE . BAE AN,

343 P EMARARA MR F A IS R 5

SRVTAS S AR U s A2 A AE e B Y R RSP BE 5 32 1k
Ae /1, W BIAE N AR = S S bR IR R AR B £
PRI RN ZR e 5 MR ER 4L, DA sm i 1 (17 1L e
7o R SGRA W5, 4 3R HON T A5 2= 58 4
PRI 80% 5 77 FE Hb AR 30 A% 2 8 (1) 20% 20 e A yl|
SR4E, M TRIRLE ST RN TR & R 50 E 0 1) 20%
55 R0 B M iR B0 A S AU 1) 80% ZH B AL iR 4E, FH
TR BE IR AIE
3.5 FNERR
3.5.1  ARIKAT AR A AR R IR

AL PDDM R A3 (AR K AT H bR BRI AR B
PERE, KR B ARSI 45U H F VE AN $8 b i) 2 B2 M e T
Mk Z, BFEEMNSHE. PR ESE (mean average
precision, mAP). iR (P). HFZE (R).

Hp, BASHEH T RIS S IR ERE,
DAVEAG 2 B AAR B S SEPR B il AT 1%, mAP H T 4G
Al B A TR AR R [RGB B R XK H b (R B AR A I f
P 5 R 43 ) W ASE B T 5 SR ) AE AR M B R K AT
Kraefr, ERR (14) ~ (16) fin.

1 M 1
mAP = — > (fo P[(R)dR) (14)
TP
P= TP + FP (15
TP
" TP+FN (16

X P(R) NEE i EE AR VLA B % R 9 H A8 & A FE o
B, MFoREARSHECR, TP R RN oK AT
FREARRE, FP AR IR N OKAT ARIFEA#R, FN
RGO B R IKAT R AR .
3.52 AR RPARE M AR

N E B VTAR XU U R B S A R R BLADL I R, R
FH € 2B (R-squared, R®) . P45 %Fi2 % (mean
absolute error, MAE) MIIJ7 i1k % (root mean squared
error, RMSE) 1ENIFHIFEFR, Wi (17D ~ (19) FiR.

oy 2 O

DRCIEk

MAE:EZFI v, 9; (18)

_ 1 " & 32
RMSE = w/sz_zl(yj—yj) (19

an

Ry, NS ARSI, T, et B AR, m
NFEARSCE, YSCMME I fE .

4 HBRETH

4.1 RIKIRFIRE M RE S AR
4.1.1 ARG AL AR

HPEAL S T OKAT R PDDM 1A R,
e RN R 2% A 5 8RR T, F Bt J5 1) DCB-
YOLO 5 SSD. RetinaNet. YOLOVS LA J YOLOvI11 %
FUH bR EE AT, SRk 2 s

# 2 DCB-YOLO ME bR A REXTEL
Table 2 Comparison between DCB-YOLO and other models

- TEWESE SRR RWE  AEE
Models Mean average precision ~ Parameters/ Precision  Recall
(mAP)/% M (P)/% (R)/%

SSD 90.88 3421 89.56 88.10
RetinaNet 91.01 31.82 90.16 88.76
CenterNet 90.03 28.46 88.89 87.33
YOLOV8 95.39 16.79 94.22 93.58
YOLOvI1 95.58 14.52 94.58 93.91
DCB-YOLO 97.47 15.71 96.89 96.15

DCB-YOLO V¥ ¥ FE M K ifi % 5 A [7] 2 53 )l
N 97.47%- 96.89% 1 96.15%, T YOLOv11 K H A
FELHM, R T DCB-YOLO 5] ANVEE Il 5 %
FREFFIERRA B, A R/NEA M (15.71 M), H
HHAME M RA L, S HEAE /N Kk, DCB-
YOLO HERIE & R & A5 N R FF R 2 LA [F
SEPL T R B B OKAT IR
4.1.2 DCB-YOLO | %k 8t 5342 M om#r

AT () I SR 45 R B 5 T 3 R FE S5 10 A2 4 i 2%,
WK 7 . BT HABRE LA, DCB-YOLO %K)
Loss £ N, IRGIEER/DN, mAP fiZR7EIIZA]
WIPGE bR RN CERR I, Ui CoordAtt 37 JI#HL
3G 5 7 R ROK OB X S (P R AE SR XA /T, T BiFPN
SR T 2 RERIEm A, AREM T /MBI X
R OK SVEART I A B RRAE 5 2% ), BT T RIS

c\\°

E)21,:100
5100 —ssp RetimaNet  E -
= 8 CenterNet —YOLOVS8 = 5
- 6 -~—YOLOv11-DCB-YOLO :‘( :g 60
g ZE 5 40
= 4 58 ~SSD RetinaNet
p B B2 20 CenterNet —YOLOV8
= | 2 ~—YOLOv11-DCB-YOLO
+= £~ A T S T S S S S SR S}
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IEARIRHE Epochs = BRI Epochs

a. AN AL I R0 AR
a. Training loss value of
different models

b. ANV (R P SRS 2 23
b. Training mean average precision
of different models

B 7 BEAEN%LERA

Fig.7 Diagram of model training results
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MAE 43 %14 0.320 “C. 7.020 bpm. 0.916 bpm, RMSE
790412 C. 9.120 bpm. 1.635 bpm. 33— 54> #r 7] &1,
RO Hl 2 A 06 o bl L M i FEE o 6 R I B0 2% o A B
T FE AR A B SR R, FL &) 8 RAEE 1R ) #eF i A
oA B L BE ST, AR BEAR AN, R R I B e
MR, HERET, PTHM & HOP# 58 2, fE
g TR R A 7 2 S PR B AR S e R, (HOR
FEROKEEAT LA AR 5 77 A B N ZhaS RE e o BRI,
B TC G 25 NRAKAT A IR, DLA s B A AR 4
FhE
422 ARIKAT AAG BB ARA M e AT

T PDDM 58 24 i H 1 K S 2 A R AT B IE A
T A B IE R 77 F8 rb R OGO R
I i 8 s, HARII AT A IER AL PTHM

FHEE,  REOKAT NS B G D-PTHM A 847E B A
L BRI A 2 R AN AS A, ARADME 5 Sl < TR B
AHEmEB 8. W3k 3 P, LG R RS Hl
FER D-PTHM, MAIPEREEH AT, BB, 0%
AR AT 2R AR 5 S A 1 R 435108 0.831. 0.771+
0.775, MAE %3 %] 4 0.247 C. 3.358 bpm. 0.580 bpm,
RMSE 4354 0.332 ‘C. 4.053 bpm. 0.747 bpm. 5| N1K
IKAFAE AT NAEIER F )5, D-PTHM REW 5 i h %)
) B R o0 FE SRR B AR I AR, fE AR
WEAEL AN R BB U B R AIE b3 5 Sl ith 4 S e, AVNES:
UE T ARKAT AR Sy A A 38 SO 28 S E RAE I BL 1,
WM R 5] NAT IR K BB IR L 1A e AR
FEAE o

—— 52l Measured value —— D-PTHM# & D-PTHM simulated value —— PTHMA4U{EPTHM simulated value
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Note: D-PTHM is the drinking behavior-corrected pig two-node heat exchange model; PTHM is the pig two-node heat exchange model.
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Fig.8 Comparison of simulated and measured physiological indicators of the pig body heat exchange model
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Table 3 Performance comparison of the models

#7 Models ~ PF{/rf5 4% Evaluation index ~ 7/C  H/bpm  R/bpm
R 0.673  0.685 0.615

PTHM MAE 0320 7.020 0.916
RMSE 0412 9.120 1.635

R 0.831  0.771 0.775

D-PTHM MAE 0247  3.358 0.580
RMSE 0332 4.053 0.747

5 PTHM 2 B AH LE, il & B 2% R0 5 328 B K AT
N SRA 1 L 305 9 A R R R R O R S AR AR D-
PTHM 7E E % O 3 FH IR A0 R (1 0L E 5 S A
() R* 43 BIHRTE T 23.5% 12.6%-+ 26.0%, MAE 53 54K
T 22.8% 52.2%. 36.7%, RMSE % B FEAK T 19.4%.
55.5%+ 54.3%, AEmE TR AL HbFl FE 58 0 A B AR Ak 1) A HE
WA SE, s WA PR AP R T AR 34 . OKAT NI SN
Ak 7 PTHM X F 1 BAE B S B ERLEE R, X hiEs
YOKAT RRFERPCIRE B BEANMEAT AREZ —.

5 4

1) BT e i S 12 T T ARG RS R
# 15 7 ( pig two-node heat exchange model, PTHM) ,
BB R AL A A (1A% 00 S - FE R S -4 5 B S5 1) 1 AP i it
P AR B IR O SR AN IR 6 A A
SEIMMERI R* 205108 0.673+ 0.685+ 0.615, “PEJZ4ixt iR %
439179 0.320 ‘C. 7.020 bpm. 0.916 bpm, 75 HE iR %73
4 0.412 "C. 9.120 bpm 1 1.635 bpm, HEMEH] 5 [ Ik

KA FAAE $ i R B FE AR B ] 7 AR AE

2) MBI AEREROK IR AL AL (pig drink detection
model, PDDM), SEIL T R/KAT ki v a5 1R K A %
T8 POKAT MR ML DCB-YOLO 5 H fth 52 28 45 7Y
M B A REN (1571 M) 58 0K E & (mAP
97.47%) WIARFA, BT G PR XUNT FAAL e s B 2 flk 4
AR3CHE.

3) AbERAKAT AR RE AR i PSS | FEAR R
[ LTI O, 5 WP IR BT Qs RIEFETH T LA A
FEo AR AL 5 % A 28 # 4 Y (drinking behavior-
corrected pig two-node heat exchange model, D-PTHM)
fo H ) LR R o0 BRI W A0 B R AU 5 S 1)
Ry HIRTEE 0.831. 0.771. 0.775, “FHIZ4axti% 2245 5
9 0.247 ‘C. 3.358 bpm. 0.580 bpm, 7 HRi%ZE 55N
0.332 “C. 4.053 bpm A1 0.747 bpm, FWKAKIT NEIGIN
REAE S 1AL R ABE 2R TR Ak T 15 RIS LRS 2

AR TR R 1R R B TR K AT e U0 PR RS R A A A
B, I AL AR 2 2 AT A EE SR 3 ) A5 IE LAY
MAK S R IRE+HLERRIRD , N S RITN 5
FEAE IR L T 72 %, Rkt — BN E Z AT
NHEE, RACEETRLERE,  $h AN [F) A A BA 11 4 i
TR
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Development and optimization of the dynamic mechanism model of
two-node heat exchange for pig body

XIE Qiuju! , CAO Shilei' , SHI Jiawen® , GU Jiaming® , WANG Wenfeng' , WANG Xiaochen!
MA Haoran! , Congcong SUN? , LIU Honggui*** , Viceng PUIG®’

(1. College of Intelligent Science and Engineering, Northeast Agricultural University, Harbin 150030, China; 2. Agricultural Biosystems
Engineering Group, Wageningen University, Wageningen 6700AA, The Netherlands; 3. College of Animal Science and Technology,
Northeast Agricultural University, Harbin 150030, China; 4. The Key Laboratory of Swine Facilities Engineering, Ministry of Agriculture
and Rural Affairs, Harbin 150030, China; 5. Engineering Research Center for Intelligent Breeding and Farming of Pig in Northern Cold
Region, Ministry of Education, Harbin 150030, China; 6. Advanced Control Systems Group, Universitat Politécnica de Catalunya,
Barcelona 08028, Spain; 7. Institut de Robotica i Informatica Industrial, Barcelona 08028, Spain)

Abstract: Thermal and humidity environments can dominate the pig growth, health status, and production performance in pig
houses, including air temperature, relative humidity, and airflow velocity. The environment can be regulated to consider the
interaction mechanism between housing conditions and pig thermal responses. A mechanistic and physiologically interpretable
model is required to accurately simulate pig thermal responses under different thermal and humidity conditions. However,
existing models of pig thermal response cannot fully meet the requirements of the intelligent control applications. In this study,
a pig two-node heat exchange model (PTHM) was established using biological heat balance theory and thermodynamics. Heat
exchange was also simulated among the core, the skin layer, and the surrounding environment. Metabolic heat was generated in
the core layer and then transferred to the skin via tissue conduction and blood circulation. Part of the heat was dissipated to the
environment as sensible respiratory heat loss. The remaining heat was stored within the body, leading to an increase in rectal
temperature. Heat in the skin layer was transferred from the core via conductive transfer and blood-mediated convective
transport. The heat was then dissipated to the surrounding environment via convective heat exchange and thermal radiation. A
small fraction of heat was dissipated after skin evaporation. Environmental parameters were used as the model inputs, while the
major physiological parameters were used as the outputs after simulations. A recognition framework of pig drinking behavior
was developed using an improved YOLOvVI11 object detection architecture, particularly for the prediction accuracy and
physiological interpretability of the model. A pig drinking detection model (PDDM) was further established to calculate
drinking frequency using this framework. The drinking frequency was then introduced into the PTHM as a behavioral
correction factor to regulate blood-mediated convective heat transfer and respiratory heat dissipation, thereby constructing a
drinking behavior—corrected pig two-node heat exchange model (D-PTHM). A more realistic representation was obtained for
the pig thermoregulation. The results showed that the air temperature was the dominant environmental factor on pig thermal
physiological responses. The PTHM model also achieved coefficients of determination (R*) of 0.673, 0.685, and 0.615 for
rectal temperature, heart rate, and respiratory rate, respectively. The mean absolute errors (MAE) were 0.320 °C, 7.020 bpm,
and 0.916 bpm, while the root mean square errors (RMSE) were 0.412 °C, 9.120 bpm, and 1.635 bpm, respectively. A
preliminary representation was obtained for the heat transfer pathway from the body core to the skin. Subsequently, the
surrounding environment was offered a simplified representation of whole-body heat balance. The DCB-YOLO drinking
detection model achieved a mean average precision (mAP) of 97.47%. The PDDM was used to reliably quantify the pig
drinking frequency for behavioral correction of the heat exchange model. The prediction accuracy of D-PTHM was
significantly improved after drinking behavior was introduced as a correction factor. The D-PTHM achieved higher R* values
of 0.831, 0.771, and 0.775 for the rectal temperature, heart rate, and respiratory rate, respectively. The MAEs were 0.247 °C,
3.358 bpm, and 0.580 bpm, while the RMSEs were 0.332 °C, 4.053 bpm, and 0.747 bpm, indicating the improved model
stability and environmental adaptability. The drinking behavior significantly enhanced the mechanistic model to regulate the
pig thermal field under different thermal and humidity conditions. This finding can provide a physiologically realistic model for
precision environmental control in pig houses. More accurate environmental regulation can be used to improve animal welfare
using pig physiological responses in sustainable and efficient livestock production.

Keywords: temperature and humidity; pig house; physiological responses; two-node heat exchange model; behavior detection;
machine vision
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