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Abstract—This study proposes a GIS-based framework for
safer outdoor campus fire evacuation by coupling hazardous-
gas generation, wind-driven advection—diffusion, and route op-
timization. Taking Beijing 101 High School as the case area,
the campus is modeled as a road-network graph. CO, HCN,
and HCI released are estimated from combustible material mass,
converted into time-dependent source terms, and propagated on
a finite-difference grid. Evacuation paths are then evaluated
by FED-based exposure, route length, bottleneck road width,
and assembly-point capacity. The case simulation shows that the
safest route can differ from the geometric shortest route when
plume direction, departure time, road width, and destination
capacity are considered together.

Index Terms—Campus fire evacuation; Hazardous gas diffu-
sion; Wind-driven advection-diffusion; FED exposure; GIS road
network; Route optimization

I. INTRODUCTION

Existing school evacuation planning under fire circum-
stances commonly separates smoke or toxic-gas analysis. from
people evacuating route selection. Atmospheric-dispersion
models can describe the transport of released substances under
diffusion and wind advection [1], while graph-based methods
can identify the shortest or the most low-cost paths [2].
However, a campus plan must use these components together:
the gas field changes with time, people, start evacuating at
different locations, and assembly points _have finite capacity.
These interactions motivate the «following research question:
how can a campus road network be converted into evacua-
tion recommendations that account simultaneously for time-
dependent toxic exposure, travel distance, road bottlenecks,
and destination capacity?

This study develops/a reproducible scenario-simulation
framework to address that question. First, a simplified combus-
tion model estimates. the release of CO, HCN, and HCI from
selected combustible-material list. Second, a wind-driven two-
dimensional advection-diffusion model calculates the resulting
source terms-on a finite-difference grid. Third, the computed
concentration field is sampled along candidate paths in a GIS
road, network and combined with FED-based exposure, path
length, bottleneck width, and assembly-point constraints. The
framework is demonstrated with a Beijing 101 High School
case study with a Yingcai College fire scenario.

II. NOTATIONS AND PARAMETERS

Several critical symbols' and parameters are defined in
Table 1.

TABLE I: Symbols and parameters used throughout the paper

Symbol Description Unit / type
Geographical Information and Road Network Graph

g, vV, & Road graph; node/edge sets Graph; sets
Vi Node Node

em Edge Edge

idy Node ID D

T,y Node ground coordinates m

dist,y Edge length m

labely, Node labels Text

idm Edge ID ID

by, Node population Integer
W Walkable width m

General Field, Grid, and Operators

t, T, At Simulation/elapsed time, time step S

tevac Departure times S

1,75 is,Js Grid, source cells Integers
Model 1: Gas Generation Model

g Gas species € {CO, HCN,HCl}  Type

qg Mass-specific gas generation rate kgs—kg~!
My Fuel mass kg

mg(t) Generated gas mass kg

Model 2: Gas Advection-Diffusion Model

Ag Effective source area m?

Sg Gas source term kgm—2s™!
Cy Continuous concentrations field kgm™—2

59 Discrete grid concentrations kgm™—2
Dest, g Effective diffusivity m2s—1; 5!
Ag Attenuation coefficient s~!
wW=<u,v> Wind vector ms~!
Model 3: Route Optimization Model

Pk Feasible candidate-path set Set

Dh,k> P}, Candidate / Optimal path Path

s Walking speed ms~!;m,s
L(pn,k), T (pn,k) Route length/time m; s

Zpy,  (T),Ypy, ,, (T)  Evacuee position along a path m

H g Literature reference toxic dose ppm min
H, Converted 2D reference toxic dose kgsm—2
FED(t) Total time dose Dimensionless
E(pnk) Route exposure Dimensionless
Whnin (P, k) Narrowest edge width on a path m

Lo Length reference m

Eo Exposure reference Unitless
Wo Width reference m

a, B,y Length, exposure, width weights Dimensionless
Cost(pn, k) Normalized comprehensive route cost Dimensionless




III. OVERALL MODEL FRAMEWORK

The overall framework of this study is a connected mod-
els chain: begin at fire chemistry, going to hazardous gas
advection-diffusion behavior, and finally evacuation paths
optimization. The complete model chain is summarized in
Fig. 1.

First, model 1 simplifies the combustion process of building
materials into a hazardous gas generation function, which
estimates the mass m(t) of gas species g generated by time
t.

Second, model 2 converts the mass function into the source
term S, (¢) that is used in the diffusion model. Then, S,(t) is
inserted into a two-dimensional advection-diffusion equation
with wind influence based on Fick’s law. This model describes
the outdoor spread of hazardous gas on campus using the
continuous concentration field C,(z,y, t), which is discretized
into grid-based concentrations 6g(i, j,t) through a finite-
difference method, and the size of each grid are define as Ax
and Ay. The wind field in the diffusion equation is represented
as a two-dimensional vector field @(z,y) = (u(z,y),v(z,y)),
and in the discrete grid it is denoted as w; ; = (u; j,v; ;). The

Model 1: Hazardous Gas Generation

Type of building material
and its mass M

Combustion rate g, ]

my(®) = gt
Type of gas produced by
combustion g

Mass of produced gas m, (t)

Source
Area A,

| Coneentration field

B (G0 =
I Cy(i,jym) = ¢

Field / Discrete field

Wind velocity vector field
w(z,y) =< u(z,y),v(z,y)>
Wij =< Ui, Vij >

— . @@ @

main output of Model 2 is the time-dependent concentration
distribution.

Thirdly, model 3 combines the concentration field produced
by Model 2 with the real campus road network graph. For
each people cluster k, the model compares candidate paths
ph,; within the feasible path set P,. The cost of a path
depends on its total distance L(py ), total exposure value
E(pn,x) in the FED method, and the narrowest.road width
Whnin(ph, k) along the path by the main function Cost(py, 1) =

Hons) 4 pBlns) 4y Wo o A path with a smaller
bottleneck width receives a largerwidth penalty. Therefore,
the evacuation problem is transformed into a comprehensive
cost minimization problem.

This chain connects the chemical, numerical, and algorith-
mic components. The output p;sis the minimum-cost feasible
path selected from the candidate paths for cluster £. The study
therefore combines combustion chemistry, numerical calculus,
GIS, and graph-based.optimization.

t— my(t) = Sy(t).=Cyli, 4,t) — Epnk) + L(phk) + Wnin(pnx) — Cost(pn) — p}
S——

Model 1 Model 2 Model 3 (1)
Model 3: Evacuation Cost and Route Optimization
1
Coefficient Normalization parameter Assign path for people cluster in each
| a, B,y Ly, Ey,Go building
l l Building 1
; build bl
Fora given path: i € P iding 3 .. assembiy
Lons) Blone) W building 1 — o assembly ny
Cost(pri) = +8 +7
Lo Eo Waain (P.k) ¢

] Calculate Cost function for each path

Attempt to achieve min Cost
by dynamic Dijsktra or Time-dependent
A* Algorithms

Path length
Lpng) = Xepepy, dm

Narrowest-Road Width Index
Wanin (Ph,) = ming,,ep, . Wi

e , .
Gas diffusion coefficient ac, e, &c, - Re-assign assembly point for cluster
e, — = Dutry(— +—1) which cause overload
ot o (o €<—— N
ac, ac, O Exposure ¢
Gas attenuation - uT” - UT" £8,(0) Sagic, N E(pni) = Xy Eq(pni)
oefficie = =5 7
coefficient Ag g EBy(one) fnp“; Co@pp . (7, 1 (7):tevac+7) 4 | Find totally best py, for each k |
. . R . . s 9(Phk) = froae T
Model 2: Wind-Driven 2D Advection-Diffusion | o =
Geographical Information and Data
N\ ~
OpenStreetMap Road network graph CSV =\ (" Road network graph Model 1: Hazardous Gas
= Sl Generation
= —

Model 2: Wind-Driven 2D
Advection-Diffusion

*—I_V

- q
Road network graph data definition Geographical Field /
Information .,
GraphG = (V,€) and Data Discrete field
Nodes
I V= {v1,v2,...,0n}
g = (idg, 2, Y, labely, Py, typey) g
type € {building, midpoint, assembly}
Edges
f‘l‘it’n-ez ~~~~~ em} Model 3: Evacuation Cost
em = (idm, va, vy, disty) N Y, and Route Optimization

Fig. 1: Model Framework



IV. DATA SOURCES AND PREPROCESSING

A. Geographical Map

The geographical map of the school can be obtained from
geographical data supplier, such as OpenStreetMap. Then,
Geographical features are abstracted into a graph structure,
denoted as G and defined as:

g=m¢) ()

The graph abstraction used in the case study is shown
in Fig. 2. Its mathematical graph structure and campus ge-
ographic map are shown in Fig. 2a and Fig. 2b, respectively.

1) Nodes: Nodes vy, are defined to represent key locations
on campus. Each one node is defined as:

Vg = (idkax/mykvlabelkapkatypek) (3)

Which:
o idj: Unique identifier for node wvy;
e (z1,yr): Spatial coordinates of node vy;
o labely: Descriptive label for node v (e.g., ”Building A

Exit”, ”Assembly Point 17);

o Py: Population assigned to node v, (if applicable, positive
for buildings nodes and negative for assembly points);
o typey: Categorical variable indicating the type of node (e:g.,

”building”, midpoint”, “assembly”).

According to the geographical components, the list of node
types include building nodes ("building"), road midpoints
("midpoint"), and assembly points ("assembly™).

2) Edges: Edges e, represent the straight walkable paths
between nodes, which are obtain and simplified'from the road
segments from the geographical data. Each edge is defined as:

em = (idm, Va, Vb, disty, ;W) (@)

Which:

e ud,,: Unique identifier for edge e,,;

e U4, Up: The two nodes'that edge e;;, connects, which can be
passed by two direction;

e dist,,: The distance of edge e,,, used directly in path-length
calculations;

o W,,: The effective walkable width of edge e,,, obtained
from the-road-width attribute in the geographical data or
assigned from a default width when this attribute is missing.
The width.attribute is used directly in Model 3. A smaller

value of W, means that the road segment is narrower and

more likely to become a bottleneck during evacuation. There-
fore, the path-level bottleneck is measured by the narrowest
edge width instead of by a separate carrying-capacity variable.

Wmin (ph,k) = min Wm (5)

emE€Ph,k

B. Wind Field

The wind field @W(z,y) = (u(z,y),v(x,y)) is obtained from
local meteorological data, which provides information about
the wind speed and direction on campus. The continuous wind
field is discretized into a grid-based representation w;; =
(ui,j,v; ;) that corresponds to the grid used in the diffusion
model.

To simplify the model, the wind field is assumed to be
uniform across the campus. It is represented by a constant
vector W} = (u,v), where u and v aresthe wind components
along the local x- and y-axes. Thus, W;y; = W for every grid
cell.

V. MobEL 1: HAZARDOUS GAS GENERATION MODEL

This model estimates the'time-dependent release of selected
gases from a simplified combustible-material list.

A. Building Materialvand Its Combustion Product

Combustion products depend on fuel composition and ven-
tilation. Carbon_monoxide (CO) is a colorless product of
incomplete.combustion that can spread over a broad downwind
region and remain a persistent exposure hazard [3]. Hydrogen
cyanide (HCN) is mainly generated from nitrogen-containing
materials. Although transported similarly to CO, its lower
toxic threshold can produce significant FED exposure even
at'moderate concentrations [3, 4]. Hydrogen chloride (HCI) is
primarily produced from PVC and other chlorine-containing
materials. As an irritant gas, its impact is strongest near the fire
source and generally decreases more rapidly through outdoor
dilution [3].

These three gases are usually generated during combustion
with considerable toxic. [4, 5, 6]. Thus, the are selected in the
toxic gas list.

B. Generation Rate qq4 of gas g

After identifying the main hazardous gases, the next step is
to estimate the generation rate g, of each gas g. In this scenario
model, g, is treated as a constant mass-specific generation
rate with unit kgs~'kg™!, and M, denotes the corresponding
combustible-material mass.

Because the material loss is small relative to its assumed
inventory during the short evacuation interval, M, is treated
as constant. The generation rate is therefore:

dmy(t)
dt

= Qqu (6)

The total mass generated by time ¢ is:

t
mg(t) = /0 qgMgdt = qg Mgyt (7

Thus, the model uses a linear source-mass approximation
over the simulated interval. The values of g, for chosen gas
are shown below:



idy,

Tk
Yk
Y17 label,
V2 P,
[Nodes set V4 v3 typey, € {building, midpoint, assembly }
UN
Graph G
s idpy,
Vaq
€1 vp
€9 )
dist
_Edges set £ < e3 -

€M

(a) Geographical Map Structure Represent in Math

(b) Geographical Map of Beijing 101
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VI. MobDEL 2: WIND-DRIVEN 2D ADVECTION-DIFFUSION
MOoODEL

This model is aimed at describing the outdoor diffusion
of hazardous gas on campus under the influence of the
wind field W(z,y) = (u,v). Its output is the concentration
distribution C,(z,y,t) of gas g at location (x,y) and time .
The finite-difference field ag(z‘, Jj,t) denotes the ‘cell-average
concentration in grid cell (,j), whose centervis “(z;,y;);
t is the simulation time. The wind field is discretized as
Wi j = (Wi Vij)-

A. Source Term Construction

In the two-dimensional diffusion field, the burning building

is simplified as the source of hazardous gas. The effective

source area A, is defined according to the area of each grid
cell:

A = {building footprint area, ' building-footprint source,

AxzAy, single-grid source
®)
Then, the area-averaged source strength is defined as:
1 dmgy(t) q,M,
N = 2Mg\t) _ 999 9
Sg( ) As dt As ( )

The unit of Sy(t) is kg/(m?s), which is consistent with
the two-dimensional concentration unit kg/m?. The continuous
source is Sg(x,y,t) = Sy(t) inside the selected source area
and zero elsewhere; (is,js) is the grid cell containing that
area, so the discrete source is applied only there:

Bl (1) = (inndo)

Oa (27.]) 7é (7;87-].5)
This treatment means that the gas is only generated at the

building source location instead of being added uniformly to
the whole campus area.

Sg(i7j7t) = (10)

B. Ficks Law and its Expression in Advection-Diffusion Equa-
tion

Fick’s law is the foundation of the diffusion model, which
states that the flux of a substance is proportional to the nega-
tive gradient of its concentration. In the context of hazardous
gas diffusion, Fick’s law can be expressed as:

Jg = =D,y VCy (11)

. J:,: Diffusive flux of gas species g in the two-dimensional
field (kgm~t-s71).

o Dygr,4: Effective diffusion coefficient of gas species g in the
medium (m?-s71).

o C4: Two-dimensional concentration of gas species g
(kgm~2).

e VC,: Concentration gradient of gas species g in the two-
dimensional field (kg-m~?).

o —: Indicates that diffusion occurs from regions of higher
concentration to regions of lower concentration.
Because the process happens in a two-dimensional outdoor

environment and the effect of wind is significant, the diffusion



process is modeled as a wind-driven advection-diffusion pro-
cess. Under the assumption that the wind field is steady during
the short-term evacuation process, the governing equation is

ac, o2c, 0%C
9 De ~- 9 g
ot o ( 0x? * 0y? )
aC'lefusmnal"g’m ( 1 2)
- t)— A
( 81’ +v ay )+S (l’,y, ) QCQ
Source Term Decay Term

Advection Term

6C

: The rate of change of concentration of gas g with
respect to time t

. Deff,g(aawcz +2 o 9C9): The diffusion term, which represents
the spreading of gas g due to concentration gradients. Degr, o

is t}zlaec effectlve diffusion coefﬁ01ent for gas g.
on v dy
transport of gas g due to the wind ﬁeld. u and v are the wind

velocity components in the x and y directions, respectively.

o Sy(z,y,t): The source term, which represents the generation
of gas g from the fire source location, as calculated in Model
L.

. <N

o —U

- Cy4: The decay term, which represents the natural
decay or removal of gas g over time, where )\, is the decay
coefficient for gas g.

From the original partial differential Equation 12, the inte-
gral form can be derived as follows:

020,
eff,g ™ o 92

92C,
eff,g’a—y?

ac, €,
—(u ox W oy

D, >+ D

Cyl,y,t) = Cyl,y) + /
9,

+ Sy(z,y, 7)— AgCy
(13)
For numerical calculation, the diffusion terms are approxi-
mated by central differences. The advection terms are approx-
imated by a first-order upwind scheme, because the direction
of wind determines which neighboring cell contributes to the
concentration transported into the current cell. The update
equation is

C,(i, j,t + At)="C,(isj, t)

Co(i+1,4,4)y—20,(i,5,8) + C,(i — 1,4t
+ At Deff,g( o+ 1.5:0) gﬁrgj )+ G- 1Y)
N Coli, 34 1,8) — 2Cy (i, j,t) + Cyli, j — 1,t>)

Ay?
— (U8 Cy (i, j,t) + v8®Cy (i, 5, 1))

+ Sg(iaja t) - Agag(iajv t)]
(14)

The variables and terms in Equation 14 are explained as
follows:

o Cy(i,7,t+ At): Concentration of gas g in grid cell (7, ) at
the next time ¢ + At, which is the value to be updated.

o Cy(i,7,t): Concentration of gas g in grid cell {(Z, ) at the
current time t.

o At: Time-step size used in the explicit finite=difference
update.

e Dyt q: Effective diffusion coefficient of gas g, including
molecular diffusion and outdoor turbulent mixing.

o Ax and Ay: Grid spacing in the.x_and y directions.

o The two long fractions: Central-difference approximations
of the second derivatives in the diffusion term.

o u and v: Wind velocity components in @ = (u,v), repre-
senting wind-driven transport,in the = and y directions.

o 02°Cy (i, j, t) and 6,°Cy(4,,%): Upwind derivatives, defined
by 6:°Cy = (Cyli,dsth Cyli — 1,4,1))/Az for u > 0,
otherwise (Cy(i+ 1 jjt) — Cy(i,j,t))/Ax; 6 is defined
analogously using v,and Ay.

o Sy(i,7,t): Discrete source term of gas g in grid cell (7, 7)
at time ¢, equal to g,M,/As in the source cell and zero
elsewhere.

o A\,Cy(t34,t): Decay term of gas g, representing natural
decay.or removal of concentration during one time step.

C.. Initial and Boundary Conditions

At the beginning of the diffusion process, the outdoor
concentration of each hazardous gas is assumed to be zero
over the whole computational domain. The grid-cell center is
(i, y5) = (w0 + 1Az, yo + jAY).

(15)

The computational domain is the rectangular area covering
the campus and its nearby outdoor region. For the boundary
of this domain, an open boundary condition is adopted. This
means that gas can leave the simulation area freely, and no
additional hazardous gas enters from outside the domain. In
the finite-difference grid, this open boundary is approximated
by a zero-gradient boundary:

oC,

on

where n is the outward normal direction of the boundary.

For a rectangular grid with N, cells in the z direction and [V,
cells in the y direction, this can be implemented as

Cyla,5,0) =0,  Cyli,j,t =0)=0

=0, (16)

Cy(0,5,t) = Cy(1,4,1), Cy(No +1,5,t) = Cy(Na, 5o ),
Cyli,0,) = Cy(i, 1,1),  Cylis Ny +1,) = Cy(i, Ny 1)
(17)

After each update, if a very small negative concentration is
produced by numerical error, it is corrected by
Cyli, jyt + AL)

= max(Cy (i, j,t + At),0)  (18)



D. Numerical Stability

Because Equation 14 is an explicit time-marching scheme,
the time step At must be chosen carefully. A large time step
may cause numerical oscillation or negative concentration. A
simple and conservative time-step limit is

min(Az?, Ay?)
4Detr 4

Az Ay >
’ |u|max, |U|max ’ (19)

Atgnmin(
0<n<l1

Here |u|max and |v|max are the maximum absolute wind
components over the computational domain and simulation
interval; for the uniform-wind case, they equal |u| and |v|.

The min function means that all stability restrictions are
considered at the same time, and the 2sma;lest allowable value
is selected. The first term, %f“, is the diffusion
restriction. It prevents gas diffusion from spreading too far
within one time step. Smaller grid spacing or a larger effective
diffusion coefficient requires a smaller At.

The second term, Mﬁ—:ﬁ, is the advection restriction in the x
direction. It means that the wind-driven transport in one time
step should not exceed one grid spacing Az. Similarly, the
third term, Iﬁﬁ’ is the advection restriction in the y direction.

The parameter 7 is a safety factor between 0 and 1. It makes
the selected time step slightly smaller than the theoretical up-
per limit, which improves numerical robustness when the wind
field, source term, or grid resolution changes. If |u|m.x = 0
or |v|max = 0, the corresponding advection restriction can be

ignored.

VII. MobpEL 3: EVACUATION COST AND ROUTE OPTIMIZATION
MODEL

Model 3 connects the gas concentration field.from/Model
2 with the campus road network graph. The purpose of this
model is to compare different evacuation paths for each people
cluster and select the path with the lowest comprehensive
evacuation cost. According to the overall framework, the cost
of a path is determined by three parts: route length, toxic gas
exposure, and the narrowest-road width penalty.

A. Candidate Path Set

For a people cluster X, the starting point is its building node,
h indexes candidate routes, and-the.destination is a feasible
assembly point. The candidate-path set is:
(20)

Pr.= {pl,k7p2,k7 <y Phks - }

Each candidate path p, ; € Py is a connected sequence
of road-network edges from the starting building node to an
assembly point. A path is considered feasible only if all edges
on-the path are walkable and the destination assembly point
has enough capacity for the assigned population. Therefore,
assembly point capacity is treated as a feasibility condition
rather than an additional term in the objective function, so
the final cost structure remains consistent with the model
framework.

TABLE II: Baseline reference toxic dose flg for FED-based
exposure

Gas H, in Basis
ppm-min

CO 2.83 x 10* Equivalent 30 min dose obtained from
the FDS/Purser CO FED formula.

HCN 2.73 x 10° Equivalent 30 min dose (obtained from
the FDS/Purser cyanide FED formula
without NOx correction.

HCl 1.14 x 10° Irritant fractional lethal'dose F'F' L Dycy

used in the FDS FED/FIC formulation.

Figure 3 illustrates five representative candidate routes from
Yingcai College to distinct assembly points under the standard
case settings. One minimum-cost candidate per displayed
destination is shown to illustrate the branching structure of
Pr., before joint capacity assignment.

Fountain Square
Fountain Square
200 1 Parking Lot
o o

Playground W.
E Playground E.
[5)
on
2 100, o
[}
O
g o
8
7 o *
S Yingcai College
&=
=}
-8
<
=
5 — 4
2 100

o
—200 A
—-100 0 100 200

Easting from Yingcai College (m)

Fig. 3: Representative candidate routes from Yingcai College.
The star marks the origin and colored circles mark assembly
points. Coordinates are relative to the origin. Small lateral
offsets separate overlapping routes for display only.

B. Path Length and Travel Time

The route length is calculated by summing the distances of
all road edges contained in the path:

L(pn,k) = Z dist,

em EPh k

@n

Assuming that the average evacuation speed of the crowd
is s, the total travel time of the candidate path is estimated

by:

L(pn.x)

T(phi) = S

(22)

This time value is used to determine how long the people
cluster is exposed to the hazardous gas field while moving
along the path.



C. FED-Based Exposure

The exposure value is calculated from the concentration
field generated by Model 2. The Fractional Effective Dose
(FED) method estimates toxic hazard by accumulating small
exposure fractions over time. [3, 7]

Because Model 2 uses a two-dimensional mass concen-
tration Cy(z,y,t), while the FED literature usually gives
reference doses in ppm-min, a unit conversion is needed before
the exposure ratio is calculated. Let H, be the literature
reference dose in ppm-min; Py, fig, R, and Ty denote
atmospheric pressure, gas molar mass, the ideal-gas constant,
and air temperature, respectively.

Pampty
RgasTair

In this study, the harmful gas is assumed to be mixed within
a breathing-zone height of Anx = 2m. Therefore, the two-
dimensional reference toxic dose inserted into the model is
shown below, where the 60 factor converts minutes to seconds:

Pg,ppm = 107° kg/m3 (23)

P atm ,u g
Rgas Tair ’

After this conversion, H, has unit kg-s/m?, which is con-
sistent with C;At. The general FED principle can be written
in a simplified additive form:

T [ oo

Where C,(7) is the concentration encountered by the evac-
uee and Hg is the reference toxic dose for gas g. The gas
contributions are combined additively to obtain a comparable
path-risk score:

Hy=Hy - 60 hyiy - 1076 (24)

FED(¢ (25)

1 Ph,k)
Eg(ph,k) = H / Cg(xph,k(7)7yph,k(7)’7-) dr (26)
g

Totally, the exposure score of a candidate path is the sum
of contributions from all three hazardous gases:

>

g€{CO,HCN,HCI}

E(pnhi) = E,(phk) 27

The baseline literature values A, ¢/ \ppm-min are listed in
Table II; they are converted to the two-dimensional H, by the
mixing-height formula before-exposure calculation.

Thus, Table 11 gives the toxicological baseline Hg, while
the numerical value inserted into the model is the converted
H, that follows the concentration unit used by Model 2.

In discrete ealculation, each straight section of a road poly-
line is.divided into segments by the boundaries of grids. Let
r represent each segment within edge e,,. The implemented
exposure score is:

E(ph)k;)zz Z Z C Zmra]mry mr)emf)

g emEPh,k TEEmM

Here, t,, , the enter time of the segment r of edge e,.
ég denotes the corresponding interpolated concentration while
the people cluster k is in the grid cell (iy, r, Jim.r). €m,r 18
the length of the segment r of edge e, with in the grid
cell (4m,r,Jm,r), and s is the average walking speed of the
evacuee. Thus, summarized, this equation means that the
exposure is accumulated over each segment of each edge along
the path, with the concentration sampled at the.time when the
evacuee enters that segment multiplied by\the time spent on
that segment.

Figure 4 illustrates the grid-cell segmentation.

Fig. 4: Grid-cell segmentation of a road polyline. Colors
alternate at grid crossings. The brace identifies a segment r
of edge e,,, with length A/, ..

Therefore, a path passing through downwind high-
concentration regions will receive a larger exposure value,
even if its geometric distance is short.

Figure 5 separates the cumulative FED score for the stan-
dard Yingcai College—Fountain Square route into CO, HCN,
and HCI contributions. Departure is at 60s and travel takes
73.5s. The full travel interval is shown, including the initial
accumulation and subsequent plateau. The contributions sum
to approximately 0.6069 at arrival.

Cco HCN HCI

0.6 1
0.5 1
0.4 1

0.3 1

Cumulative FED

0.2 1

0.14

0.0 T T T T T T T
0 10 20 30 40 50 60 70

Elapsed travel time (s)

Fig. 5: Stacked cumulative FED contributions over the full
Yingcai College—Fountain Square journey. CO is blue, HCN
green, and HCI red. The upper boundary gives the total FED
score.



D. Narrowest-Road Width Index

The narrowest-road width index is used to describe whether
a candidate path contains a road segment with limited walkable
space. In this study, each road edge e, is assigned an
effective width W,,, with unit m. For a candidate path py, 1,
the bottleneck width along the path is defined as:

Winin (ph,k‘) = min W,

em EPh,k

(29)

Because a smaller bottleneck width should produce a larger
negativity in a minimization model, the width term is written
as a reciprocal normalized penalty:

_ W
Wmin (ph,k’)

Here Wj is the maximum bottleneck width among all
feasible candidate paths:

(30)

Wy = max Whnin (Phk) (31)

In this way, a path containing a narrower road segment
obtains a larger value of the narrowest-road width index.

Figure 6 illustrates this calculation for the standard B4 route
from Teaching Building 2 (South exit) to Entrance Road,
66 — 48 — 45 — 44 — 16 — 15 — 14 — 54 — 55.
The successive GIS edge widths are 5,4,4,4,5,5,10,10m,
giving Whi, = 4m along the 490.5m route. Pink segments
identify all three edges attaining the minimum.

12 1
= =+ Minimum width =4 m 54-55

104 14-54
é H
£ 8
2
—§ 66;~4 16-15 1
§ s 45 44-16
= 4 ______________________________
8
=
D9

0 ——— . .

0 100 200 300 400

Distance along route (m)

Fig. 6: Effective width along the B4 route from Teaching
Building 2 (South exit) to Entrance Road. Edge labels indicate
node pairs. Pink segments attain the minimum width of 4 m.

E. Comprehensive Cost Function

The three route indicators L(p, k), E(pn.k), and Wiin (D i)
have-different units and scales. The route length and exposure
are normalized by Ly and FEj, while the bottleneck width is
converted into the dimensionless penalty Wy /Wiin(ph k). The
comprehensive cost of candidate path py, j, is defined as:

W
+y 0 (32)

L(pn,x) n ﬂE(ph,k)
Wanin (D k)

Lo Ey

COSt(p}hk) =«

The coefficients «, 3, and ~ represent the relative impor-
tance of distance, toxic exposure, and narrow-road bottlenecks.
They are non-negative weights and can be chosen according
to evacuation priority. For example, if avoiding toxic gas is
the main concern, 3 should be assigned a larger value.

For the case calculation, the coefficients and nermalization
parameters are set as shown in Table III. The weights satisfy
a+ 0+ v =1, with exposure receiving the largest weight.

TABLE III: Case settings of coefficients and normalization
parameters in Model 3

Parameter Value Meaning

@ 0.15 Route length weight

B 0.70 FED exposure weight

¥ 0.15 Width' penalty weight

Lo maxg,n L(pn,r) Reference path length among all
feasible candidate paths.

Ey maxg,n E(pn,k). Reference exposure value among

all feasible candidate paths.
Wo maxg, p Wain(Dr,x Reference bottleneck width among
all feasible candidate paths

If the maximum exposure value is zero in a no-smoke test
case, E should be replaced by a small positive reference value
to avoid division by zero.

Fromthe graph point of view, this dimensionless cost
can also be interpreted as a dynamic path cost because the
exposure term changes with the gas concentration field and
the departure time. Thus, the static geographical graph is
combined with a time-dependent risk layer from Model 2, and
different evacuation plans can be compared under the same
cost scale.

F. Route Optimization

For each people cluster k, the best evacuation path is the
candidate path with the minimum comprehensive cost:

pz =arg min COSt(ph,k)
phka’Pk

(33)

In this study, risk-weighted Dijkstra generates feasible
routes on the road graph; each route is then evaluated by the
cost function above, and the minimum-cost feasible route is
retained. The total search space of the optimization problem
is usually less than 10° for a common campus. The method
is applied to each building cluster and assembly point before
capacity reassignment.

G. Multiple Route Optimization

The multiple-route optimization procedure extends the
single-route optimization process to all population clusters k.
First, an optimal evacuation route is computed for each cluster
based on the integrated cost function. Then, the capacity
constraint of each assembly point is checked. If an assembly
point becomes overloaded, the farthest route assigned to this
point is reassigned to its next-best feasible safe point. This
process is repeated until all assembly points satisfy their
capacity limits or no feasible alternative route remains.



VIII. SmMULATION PROCESS
A. Preparation of the Local GIS Dataset

The case study is based on the real campus spatial data
of Beijing 101 High School. Geographic features were first
collected from OpenStreetMap (OSM), then checked and
edited in QGIS, and entered into the simulation program with
gas parameters in a self-developed python-based framework
[8].

The final GIS input used in this section consists
of two CSV files, nodes_raw_snapped.csv and
edges_raw_snapped.csv. The node table stores the
projected planar coordinates (xy,yx), node label, node type,
and population or capacity attribute Pj. The edge table stores
the start node, end node, road length, effective road width
W, and the geometry of each polyline segment. Because the
coordinates are already expressed in meters, the road-network
distance, diffusion-grid size, and evacuation path length can
be calculated without an additional geographic projection
step.

The principal counts and measurement ranges of the pro-
cessed dataset are summarized in Table IV.

TABLE IV: Summary of the processed Beijing 101 High
School GIS dataset

Item Value

Metadata

Data Source OpenStreetMap
MainGeodetic Coordinate System EPSG:32650

— Unit Meter

Map Size

Map size 371.374m x 801.734m

439901.434-440272.808 m
4427585.991-4428387.725 m

Coordinate range of x
Coordinate range of y

Nodes Data

Total number 68

— Number of buildings 10

— Number of midpoints 47

— Number of assembly points 11

Edges Data

Number of edges 85

Total road length 3600.56 m
Mean edge length 4236 m
Road width range 2.5-10.0 m
Mean edge width 5.83 m
Populations

Total positive demand 5090 persons
— Students 4790 persons
— Teachers 300 persons

Finite assembly [capacity

12300 persons

B. The Map of Beijing 101 High School

Figute 7 combines the 68 nodes and 85 edges of the
standard-model CSV network in one map. Node labels give
node IDs, with English place names and the original popula-
tion orcapacity entries P retained where available. Edge labels
give'the CSV feature ID and segment index and are placed at
edge midpoints. Road-node labels are centered on their nodes.
Larger building and assembly-point labels are displaced where
needed and linked to their nodes by leader lines. Coordinates

are expressed in meters relative to the minimum easting and
northing of the input nodes.
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Fig. 7: Combined node and edge representation of the Beijing
101 High School campus road network.

C. Node Classification and Evacuation Demand

Each node in the GIS graph is classified as a building node,
a road midpoint, or an assembly point. Building nodes are
the starting points of evacuation clusters, typically are main
exit or multiple main exits. Their P values are positive and
represent the estimated number of people who need to leave
from the corresponding building entrance. Assembly nodes are
the endpoints of evacuation. Their P, values are negative in
the CSV file, and the absolute value is used as the remaining
receiving capacity. One assembly node outside the first gate
is assigned a very large negative value, so it is interpreted as
an external safe outlet with practically unlimited capacity in
the route-allocation process.

The 11 building nodes used as possible fire-source locations
and evacuation origins are shown in Table V.

D. Road Width and Bottleneck Preparation

The width field in edges_raw_snapped.csv is used
directly as the effective walkable width W,,. Therefore, the
congestion-related term in Model 3 is determined from the
narrowest edge on a candidate path:



TABLE V: Building nodes and evacuation demand in the local
GIS dataset

ID Building node Py

4 TR (Yingeai College) 135
6 ET/p/A#E (Main High School Office Building) 150
15 [EPR#Z X (International Department East Area) 160
21 FEIUH M (NO.4 Teaching Building) 180
25 FAHFM (NO.5 Teaching Building) 270

44 I I A (Office Building for Junior High School) 60

45 HE—#HEFE (NO.1 Teaching Building) 720
62 [EBRFEIEX (International Department West Area) 400
66 K ###E S (NO.2 Teaching Building S.) 765
67 T #PE N (NO.2 Teaching Building N.) 765
68 =M S (NO.3 Teaching Building S.) 1485
Wmin (Ph,k) = min Wm (34)
emEPh,k

The processed GIS data contain no missing road-width
records. Most campus paths are 5 m wide, while several main
corridors and open routes are wider. Narrow paths with widths
of 2.5-4 m are kept in the graph because they may become
important bottlenecks in evacuation.

The distribution of the effective road-width values is re-
ported in Table VI.

TABLE VI: Distribution of effective road widths in the
processed edge table

Wy, (m) 2.5 3.0 40 50 7.0 9.0 10.0
Number of edges 3 5 4 44 16 5 8

E. Case Definition Before Simulation

The case pipeline selects a source cell, generates.gas source
terms, advances the diffusion field, then evaluates feasible
routes by length, FED exposure, road width, and assembly
capacity. The implementation uses risk-weighted Dijkstra for
the all-building case and reroutes assignments when a destina-
tion is overloaded. Outputs are the destination, length, travel
time, exposure, bottleneck width, and-comprehensive cost.

FE. Parameter Configuration

For the exported simulation case, Axr = Ay = 5.0m, the
simulated time interval is [0,600]s,.and At = 0.1s. Route
exposure is evaluated from tey,c = 60.0s. The road graph
and gas-specifi¢ parameters used by the case are summarized
below.

TABLE VII: Hazardous-gas’ parameters used in the Yingcai
College case

Parameter CO HCN HCI
g, (kgs~Tkg™ 1) 0.0020 0.0005 0.0080
M, (kg) 3000 500 700
As (m?) 25 25 25
Detr.g (m*/s)  0.0012 0.0001 0.0009
Ag (571 0.0010 0.0015 0.0200
H, (ppmmin) 28300 2730 114000

The table reports the literature-scale H,; the converted H g
is used in the FED calculation. The case weights are o = 0.15,
B = 0.70, and v = 0.15, so the results are comparative risk
rankings.

IX. CASE SIMULATION: YINGCAI COLLEGE FIRE UNDER WIND
PoINT TO SOUTH

This case studies a fire accident in Yingcai. College, under
typically uniform wind point to the south.

A. Case Setting
Assume that Yingcai College becomes the fire source.
The corresponding source cell is selected from the processed
campus grid, and the gas inputs are those listed in Table VII.
The wind field is set as a.uniform background wind in this
baseline simulation. The horizontal wind vector is:

W ={u,v) = (0.1,0.5) m/s 35)

where the positive u-direction follows the local z-axis of the
GIS map and'the positive v-direction follows the local y-axis.
In other words, this wind is mostly point to south and a little
bit east. This wind field transports the plume downwind while
diffusion spreads it to neighboring grid cells. Therefore, the
hazardous-gas release and the wind field together determine
the! shape of the plume, and the resulting time-dependent
concentration fields are later sampled by Model 3 when
evacuation paths are evaluated.

The route-exposure evaluation begins at tey,c = 60 s, while
the gas field is initialized at £ = 0s and stored throughout the
600-second simulation.

B. Hazardous Gas Diffusion over Time

As shown in Figure 8, the gas concentration is initially
concentrated near the source cell and then spreads along the
wind direction while gradually diffusing to surrounding cells.
Regions closer to the source experience stronger exposure first,
while downwind areas become affected later. This diffusion
pattern explains why the evacuation risk is spatially nonuni-
form and why some routes become more dangerous than others
as time increases.

C. Evacuation Route Optimization Results

Table VIII and Figure 9 show that the optimized evacuation
scheme is not a simple nearest-assembly-point assignment.
The capacity constraint redistributes several building clusters
from overloaded or less suitable assembly points to alternative
safe points, so the final plan uses Fountain Square, the parking
lot outside the second gate, the west side of the main play-
ground, and the entrance road at the same time. The reported
results include route length, travel time, FED-based exposure,
bottleneck width, and the comprehensive cost for each cluster.
The rerouted clusters generally accept a longer path in order
to satisfy assembly capacity and avoid the higher-risk source
region.
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Fig. 8: Evolution of outdoor hazardous-gas concentration distribution. The heat maps show the field from ¢ = 0 to 600s, and
the final panel gives the two-dimensional concentration field at ¢ = 600 s.

TABLE VIII: Evacuation Paths and Cost Parameters Before and After Capacity Rerouting

Building k& Route Assembly point Py, Load/Capacity L(pir) T (pk) E(pk) Whin(Pr) Cost(pr, k)  State
Yingcai College Final  Fountain Square 135 285/500 88.2 73.5 0.607 5 0.3416 ok
High School Office Final Fountain Square 150+~ 285/500 43.2  36.0 9.714x10~ 11 5 0.3093 ok
Building
International Original Inside Gate 2 160 ..2105/100 35.7 29.8 2.107x107° 5 0.3077  overloaded
Department East Reroute 1 Parking Lot outside Gate 2 160 220/300 745 621 7.021x107° 5 0.3160 ok
Teaching Building 4  Final =~ West Side of Main Playground 180, 2700/3000 170.6 142.2 0 5 0.3366 ok
Teaching Building 5  Final ~ West Side of Main Playground 270  2700/3000 69.3  57.7 0 5 0.3149 ok
Junior High School Original Inside Gate 2 60 2105/100 102.7 85.6 2.867x107° 4 0.3971  overloaded
Office Building Reroute 1 Parking Lot outside Gate 2 60 220/300 141.5 117.9 9.422x10=6 4 0.4054 ok
T Ervllios 1 Original Inside Gate 2 720  2105/100 156.4 130.4 3.486x 1075 4 0.4086  overloaded
Reroute 1 Entrance Road 720 1885/3000  447.7 373.1 0.002209 4 0.4712 ok
International Original Inside Gate 2 400  2105/100 119.3 994 7.666x10~6 5 0.3256  overloaded
Department West ~ Reroute 1 Entrance Road 400 1885/3000 410.5 342.1 3.925x10~* 5 0.3882 ok
Teaching Building 2 Original Inside Gate 2 765 2105/100 199.3 166.1 9.019x10~° 4 0.4178  overloaded
(South exit) Reroute 1 Entrance Road 765  1885/3000 490.5 408.8 0.007877 4 0.4806 ok
Teaching Building 2 Original Fountain Square 765  2535/500 160.3 133.6 4.965x 103! 5 0.3344  overloaded
(North exit) Reroute 1 West Side of Main Playground 765  2700/3000 267.3 222.7 4.959x10731 5 0.3574 ok
Teaching Building 3 Original Fountain Square 1485  2535/500 154.2 128.5 4.910x 1031 5 0.3331  overloaded
(South exit) Reroute 1 West Side of Main Playground 1485 2700/3000 261.2 217.7 4.904x 10731 5 0.3561 ok
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Fig. 9: Evacuation routes at seven simulation times.
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D. Baseline and Component Comparison

1) Baseline Setting: All variants share the Yingcai College
fire source, wind, concentration field, departure time, road
network, and demand of 5090 persons. BO forces every origin
to Main Playground by disabling other destinations and selects
shortest routes, assuming sufficient playground capacity. Bl
minimizes distance, B2 combines distance and exposure, B3
adds width, and B4 additionally enforces assembly capacity.
Table IX gives the weights. B2 preserves the length-to-
exposure ratio of B3.

TABLE IX: Planning configurations

scatter group contains all 11 assembly points, including unused
points. Excess load is the positive difference between assigned
demand and capacity, with BO assigned zero by convention.
Travel time is L/s and excludes crowd queues.

Table X summarizes the outcomes. B1 reduces distance and
exposure relative to the fixed-destination B0. B2—-B4 share the
maximum FED of 0.607, so this metric alone does not resolve
their exposure distributions. B2-B3 compare-width inclusion
at a fixed length-to-exposure ratio, conditional on consistent
candidate paths and normalization. B3—B4-compare capacity
reassignment at fixed weights. B4 gzemoves 4040 persons of
excess load while increasing route length and maximum travel

Variant  « Jé] v Capacity time. These results describe the case-specific trade-off without
B0 1 0 0  Assumed sufficient establishing global optimality (of the reassignment heuristic.
Bl 1 0 0 Not enforced Detailed assignments appear in.Table XI.
B2 3/17 14/17 0 Not enforced
gi 8{2 8;8 8}2 N(I)Et ?nforzed TABLE X: Aggregate route-planning outcomes
. . . nforee Variant Length (m) Max FED Max time (s) Excess
2) Comparison Results: Figure 10 compares time, FED, BO 3089.3 16.05 396.9 0
length, and assembly-point excess load. Each box uses 11 Bl 1275.0 3.883 145.8 4040
. . B2 1296.0 0.607 163.3 4040
equally weighted final routes. Boxes show quartiles and me- B3 1299 4 0.607 1661 4040
dians, with whiskers within 1.5 interquartile ranges. Each B4 2464:5 0:607 408:8 0
TABLE XI: Assembly-point assignments under the five route-planning variants
Evacuation origin B0 B1 "B2 B3 B4
Yingcai College Playground Fountain Square Fountain Square Fountain Square Fountain Square
High School Office Building  Playground Fountain Square Fountain Square Fountain Square Fountain Square
International Department East ~ Playground Inside Gate 2 Inside Gate 2 Inside Gate 2 Parking Lot
Teaching Building 4 Playground Playground W. Playground W. Playground W. Playground W.
Junior’s Office Building Playground Inside Gate.2 Inside Gate 2 Inside Gate 2 Parking Lot
Teaching Building 1 Playground Inside Gate 2 Inside Gate 2 Inside Gate 2 Entrance Road
International Department West Playground Inside Gate 2 Inside Gate 2 Inside Gate 2 Entrance Road
Teaching Building 2 S. Playground Fountain Square Fountain Square Inside Gate 2 Entrance Road
Teaching Building 2 N. Playground Fountain Square Fountain Square Fountain Square Playground W.
Teaching Building 3 S. Playground Fountain Square Fountain Square Fountain Square Playground W.
B0 — N R B0
By — T B H
By — e T
B3 B3 11 H
B4 4 —] I i e B4 [ H
Sb 160 I.%O 260 Z;O 360 5 460 0 10‘ IU"4 I\‘)"
Travel time (s) FED
(a) Route travel time. (b) FED exposure.
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Fig. 10: Baseline and component comparison. FED uses a symmetric logarithmic axis linear below 10~8. Small vertical offsets
separate coincident excess-load points. BO assumes sufficient playground capacity.



X. Discussions
A. Comparison to Peer'’s Work

Wang et al. couple CFD-predicted time-dependent toxic-gas
concentrations with a modified Dijkstra algorithm to minimize
inhaled dose during evacuation [9]. The present framework
shares this dispersion-to-routing structure, but evaluates cam-
pus routes using a weighted combination of length, FED-
based exposure, and bottleneck width, followed by assembly-
capacity reassignment. This provides an explicit trade-off
between exposure and route characteristics; however, the
two-dimensional transport model does not resolve the three-
dimensional flow effects represented by CFD.

Seo et al. use a CFD-trained neural-network surrogate
to predict dynamic risk and integer programming to select
evacuation paths [10]. The present model computes the con-
centration field directly without training a surrogate and uses
heuristic capacity reassignment. Its results therefore support
campus-specific scenario comparison, while global optimality
and performance relative to these existing methods remain
unestablished without a common benchmark.

B. Summary and Further Improvement

The proposed framework connects hazardous-gas genera-
tion, wind-driven diffusion, and evacuation routing in one
computational chain, but several simplifications remain. The
gas-generation model uses representative material masses and
typical generation rates rather than room-level fuel loads or
time-dependent burning rates. The diffusion model is two-
dimensional and assumes a near-ground concentration layer,
so vertical smoke rise, buoyancy, building wake effects, lo-
cal turbulence, and obstacle-induced flow separation are not
explicitly resolved.

Future work can improve realism by using ‘more’ detailed
fuel-load surveys, CFD-supported or locally measured wind
fields, additional fire-effluent species such. as CO-, NO,,
SO, soot particles etc., and a more detailed exposure model
that includes gas interaction and visibility reduction. The
evacuation model can also be extended from building-level
clusters to agent-based crowd.simulation, including heteroge-
neous walking speeds, congestion, queues at narrow paths,
and dynamic route updates when evacuees observe smoke or
blocked roads.

XI. CONCLUSIONS

This study develops a GIS-based framework for outdoor
campus fire evacuation planning by combining hazardous-gas
generation, wind-driven diffusion, and route optimization.

Using Beijing 101 High School as the caseustudy, the
method converts campus road data and fire-gas source terms
into a time-dependent risk field, then evaluates evacuation
paths by route length, toxic exposure, bottleneck road width,
and assembly-point capacity.

The case study simulation demonstrates that the more op-
timized and safer routes can differ from those sharing similar
assembly points and may not correspond to the geometrically
shortest paths. Plume dispersions.departure timings, road bot-
tlenecks and assembly point capacity all influence evacuation
related risk.

The main contribution is.a reproducible workflow came
from a real problem that turns campus GIS data and fire-gas
simulation into quantitative route recommendations, providing
a basis for comparing emergency plans and identifying high-
risk roads or‘overloaded safe points.
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