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Abstract
Knitted fabrics present unique challenges for realistic rendering due to their complicated structure and scale-dependent ap-
pearance. Existing methods typically rely on explicit yarn geometry, which is computationally complex, or texture-based rep-
resentations that require heavy storage and precomputed maps. In this paper, we introduce the first texture-free, surface-based
appearance model for knitted fabrics, in which stitches are represented parametrically as thick curves and mapped directly
onto fabric meshes. This avoids explicit yarn or fiber geometry, yet preserves the characteristic 3D look of yarn-based models.
Unlike prior surface-based approaches, our method produces realistic volumetric effects such as depth, parallax, and silhouette
preservation. To achieve this, we propose a curvature-aware parallax mapping technique that ensures coherent appearance at
grazing angles. Furthermore, we extend the appearance model to a multi-scale formulation that aggregates geometry and visi-
bility over texture footprints and adjusts roughness parameters for stable far-field rendering. Our model combines the efficiency
and simplicity of surface-based methods with the volumetric realism of fiber-based models, reproducing characteristic knit
effects such as 3D stitch structure in a multi-scale manner without the complexity or storage cost of texture-based approaches.

Keywords: rendering, ray tracing, reflectance & shading models
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based methods alleviate some of these costs but require precom-
puted maps, introducing storage overhead and reducing general-
ity. More recent texture-free models for woven fabrics [ZJA*23;
KZYM25] offer efficient parametric surface-based representations
using sinusoidal functions, but their formulations do not naturally
extend to the looped geometry and discontinuous heightfields char-
acteristic of knitted fabrics.

A key difficulty lies in balancing efficiency with realism. On the
one hand, surface-based approaches are lightweight, but when ap-
plied to knitted fabrics they flatten loops into a plane, producing
results that viewers often perceive as unconvincing. On the other
hand, explicitly modeling every yarn as a 3D curve delivers re-
alism but at prohibitive computational cost, particularly for large
fabric swatches or animations.

This gap motivates our work. We aim to develop a texture-
free, surface-based model for knitted fabrics that is efficient, gen-
eral, and capable of reproducing realistic appearance both at close
range and from a distance. Our model inherits the advantages

1. Introduction

Fabrics play a central role in creating realistic digital content, span-
ning applications in visual effects, fashion design, gaming, and vir-
tual reality. Their rich appearance arises from complex structures 
across multiple scales, where the interplay of yarns and fibers pro-
duces subtle phenomena such as fuzziness, sheen, and translucency. 
While woven fabrics have been well studied and modeled using 
surface-based methods, knitted fabrics remain significantly more 
challenging. This is due to their highly curved, interlocking stitch 
geometry and their often substantial thickness, which complicates 
both modeling and rendering.

The characteristics of knitted cloth are strongly tied to visual 
expectations: viewers rarely accept knitted fabrics rendered using 
simple surface-based models, which flatten a l l l oops i n to a  plane 
regardless of shading quality. Conversely, explicit yarn- or stitch-
level models [YKJM12; HSW*25; MGJZ21] can reproduce fine 
detail but suffer from costly curve intersections, high memory over-
head, and limited scalability for production rendering. Texture-
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Figure 1: In this scene, we have two fabrics surfaces: a scarf with knit yarn stitch and a hat with 4-alternating knits and purls. On the left
we compare our multi-scale model against our near-field model. On the right we have our model without our Curvature-Aware Parallax
Mapping (CAPM) to show how parallax mapping improves the delta transmission by changing the inter-yarn spacing and also makes
shadows smoother. We further compare our model against previous surface-based model by Zhu et al. [ZMA*23] at two different zoom
levels. In the blue box, our model accounts for the curvature of the mesh to update the silhouette unlike Zhu’s. In the orange box, we
show the efficiency of our multi-scale in preserving the micro-geometry details of yarns. Zhu’s method also requires precomputation of the
normal+tangent maps and visibility while ours only requires a matrix representation of the knit pattern and just 0.02MB memory for the
1D textures of yarn micro-geometries, saving 99.5% of memory time, offering 1.2 to 1.4 times faster rendering while preserving the micro-
geometry details.

of surface-based approaches—simplicity and efficiency—while
avoiding heavy texture storage and achieving a volumetric, yarn-
like 3D appearance comparable to fiber-based models. Concretely,
we extend the idea of parametric yarn representations from woven
fabrics to knitted stitches through a flexible stitch mapping scheme
based on sine–cosine functions. To address the challenges of dis-
continuous heightfields and silhouette preservation in knitted loops,
we introduce a silhouette-aware parallax mapping technique. Fi-
nally, to ensure consistent rendering quality across scales, we pro-
pose a multi-scale appearance model that aggregates geometry and
visibility over texture footprints and adapts roughness parameters
accordingly.

Our contributions are as follows:

• A texture-free parametric representation of knitted stitches
and patterns, mapped directly onto fabric surfaces without ex-
plicit yarn geometry or precomputed textures.

• A curvature-aware parallax mapping (CAPM) method that
resolves heightfield discontinuities and preserves the volumetric
appearance of knitted loops at grazing angles.

• A multi-scale appearance model that aggregates geometry and
visibility for stable far-field rendering, while adaptively refining
roughness for accurate near-field detail.

2. Related Work

2.1. Curve-/Volume-Based Models

Fiber-level and yarn-level methods explicitly model the microge-
ometry of textiles, delivering high fidelity in close-up views at
the cost of substantial computation and memory. Fiber-scale fitting
pipelines [KSZ*15] and procedural yarn-fitting methods based on
CT data [ZLB16] both aim to capture detailed micro-appearance,
but remain computationally demanding. They were later extended
to a mechanics-aware model [MXF*21]. Structure-aware volumet-
ric synthesis for woven cloth predicts appearance from design spec-
ifications, but remains expensive at render time [ZJMB11; SZZ12].
Lopez et al. [LMCO17] address some of these challenges in their
recent work by proposing a fast voxelization pipeline to model fab-
rics at sub-voxel level. At the other end, GPU rasterization at fiber-
level achieves real-time rates by aggressive approximations, trading
physical accuracy for speed [WY17; HSW*25]. For knitted fabrics
specifically, yarn-explicit modeling provides geometric realism but
requires costly ray–curve intersections and complex BVHs, which
scales poorly to production scenes.

2.2. Aggregated and Data-Driven Models

To reduce complexity while retaining fidelity, aggregated models
group microgeometry into higher-level primitives. Ply-based ap-
pearance models collapse hundreds of fibers into twisted plies, re-
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Table 1: Numerical encoding of different stitches present in knit-
ted fabrics taken from Leaf et al. [LWS*18]. Each stitch can be
represented as a number to create the desired knit pattern repre-
sented as a rectangular matrix

Stitch Type Encoding Visualization

Knit 0

Purl 1

Front Stitch 2

Back Stitch 3

a yarn. This twisted construction produces non-cylindrical yarn
shapes, introducing variations in normals and tangents that gen-
erate complex specular highlights. Additionally, stray “flyaway”
fibers create fuzziness in close-up views and sharp grazing-angle
highlights known as the sheen effect in far-field rendering.

Building on this foundation, our work draws inspiration from
the recent texture-free, surface-based model for woven fabrics pro-
posed by Khattar et al. [KZYM25]. In this approach, woven pat-
terns are represented as parametric sinusoidal curves corresponding
to warp and weft yarns, mapped directly onto fabric meshes with-
out explicit texture maps. Curvature of yarns is captured using par-
allax offsetting, while reflection and transmission are modeled with
high accuracy through a double-layer attenuation function that ac-
counts for overlapping yarns, enabling realistic delta transmission
and inter-yarn shadowing.

Although highly effective for woven fabrics, this framework
faces several limitations. First, it is restricted to woven patterns and
does not extend to knitted loops. Second, it remains a near-field
model, requiring a large number of samples per pixel to converge
in far-view renderings. Finally, while the parallax formulation ad-
justs appearance according to yarn curvature and the underlying
mesh, it does not capture silhouette changes introduced by yarn ge-
ometry. To set the stage for our method, we next summarize the key
components of this near-field model.

3.2. Near-Field Model

This model [KZYM25], represents the warp and weft yarns as para-
metric sinusoids running along the U and V directions, respectively.
The underlying ply and fiber geometries are represented as 1D tex-
tures wrapped around the implicit yarn cylinder. The appearance of
the yarns as a result of the reflective and transmissive properties of
fabrics is separated into two independent terms. Reflection, at the
entry point x, is expressed as a combination of a specular term, rep-
resented as a rough dielectric, f S

x , and a diffuse term, represented as
a Lommel-Seeliger (LS) [JMLH01]. The transmission, at exit point
y, is also represented using a rough dielectric, f S

y and a Lambertian
diffuse term. The overlapping nature of warp and weft creates two
layers, thus they further propose a double-layer attenuation term to

producing fuzz, sheen, and body scattering with far lower cost than 
fiber-explicit methods [MGZJ20]; Montazeri et al. extend this idea 
from woven to knitted fabrics [MGJZ21]. Follow-up works were 
later proposed aggregation up to the yarn level [ZMA*23; SM24], 
achieving efficient s h ading b u t w i thout r e solving s u b-ply detail. 
More recently, multi-scale yarn appearance models synthesize fiber 
detail into compact analytic forms, yet still rely on explicit yarn 
layout [KZP*24].

Data-driven approaches such as BTFs encode view- and light-
dependent texture appearance directly from measurements or sim-
ulations [DvGNK99]. A suitable alternative is to compress the BTF 
function using neural architectures. Rainer et al. [RJGW19] intro-
duced an autoencoder-based approach that compresses BTF data 
on a per-texel basis and extends it to support multiple materials 
within a shared latent space. NeuMIP [Kuz21] [KWM*22] repre-
sents BTFs as a neural texture pyramid, enabling multi-scale ren-
dering while preserving texture silhouettes. However, this approach 
is material-specific a nd s till r equires l arge B TF d atasets f or train-
ing. To address this limitation, Rodrigues et al. [RKLG23] propose 
extrapolating neural BTF representations from sparse input data. 
While faithful, BTFs and Neural BTFs require precomputation, and 
offer limited editability, making them less suitable for interactive 
pipelines.

2.3. Surface-Based Models

Surface-based cloth models replace explicit microgeometry with 
analytic shading on the base surface mesh. The widely used mi-
crocylinder model [SBDJ13] derives an empirical thread shading 
from measurements and assembles cloth appearance at the weave 
level, but only accounts for woven fabric. For woven fabrics, recent 
parametric and texture-free methods map sinusoidal yarn profiles 
onto surfaces and introduce analytic attenuation/parallax compo-
nents; these achieve strong realism at low storage but again have 
been limited to woven, not knitted, structures [KZYM25]. Texture-
based surface models can also attain good visual quality but typi-
cally require precomputed normal/tangent maps and visibility, con-
straining generality and editability [ZJA*23; ZHB*24].

3. Background & Motivation

3.1. Background

Fabrics are broadly categorized into two families: woven and knit-
ted. Woven fabrics consist of a large number of yarns running in 
perpendicular directions, known as warps and wefts. Their patterns 
are often represented as binary matrices, where 1 indicates warp-
over-weft and 0 indicates weft-over-warp. Knitted fabrics, by con-
trast, are constructed from only a few yarns looped together in se-
ries. The horizontal direction of loops is called the course, and the 
vertical stacking direction is called the wale. Because of their in-
terconnected loops, knitted fabrics are inherently more stretchable 
and flexible. P rior w orks ( such a s [ LWS*18; Y KJM12]) h ave for-
malized knit patterns as rectangular text matrices, similar to binary 
encodings for woven patterns. These string encodings can also be 
extended to numerical encodings, as illustrated in Table 1. At the 
microscopic level, yarns exhibit a hierarchical structure of plies and 
fibers. Fibers twist to form plies, and multiple plies twist to form
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account for the loss of energy when passing through areas where
the warp and weft overlap. Finally they define 1D textures for ply
and fiber geometries that are wrapped around the yarn cylinders to
make the micro-geometry details present within the yarn, affecting
the specular highlights and shadowing.

The complete appearance model can be expressed as,

f (ωi,ωo) =
f S
x (ωi,ωo)+Gp, f (x) r B LS(ωi,ωo) kB

x (ωi.ωo > 0)

τ(x,y)
(

f S
y (ωi,ωo)+Gp, f (y)(1− r)B

π
kB

y

)
(ωi.ωo < 0),

(1)

where τ(x,y) is the double-layer attenuation accounting for the loss
of through single and overlapping yarns, B is the energy assigned
to the light that undergoes multiple scattering, r is the reflection
portion of the body energy, Gp, f (.) are the inter-ply and inter-fiber
shadows fetched from the 1D textures and kB

x and kB
y are the diffuse

reflection and transmission color, respectively.

3.3. Motivation

Several surface-based models exist for woven fabrics [ZZW*22;
ZJA*23; KZYM25], but knitted fabrics remain difficult to model at
the surface level. Recent works [MGJZ21; HSW*25] address this
by explicitly constructing curves along the fabric surface and com-
puting ray–curve intersections, which provide realism but at very
high computational cost. Our goal is a texture-free, surface-based
model for knitted fabrics that avoids explicit yarn/ply/fiber geome-
try or heavy texture maps, while still capturing volumetric charac-
teristic appearance across scales.

Our approach proceeds in three steps.

First, explicitly modeling every yarn or fiber is infeasible, as even
modest-scale knitted garments contain millions of individual fibers.
On the other hand, purely surface-based representations cannot
capture the mutual occlusions of yarns and the variations in their
local geometry. We therefore represent yarns in a parametric and
implicit form, providing a compact, storage-free description of the
knit structure. Following prior works [LWS*18], we map looped
yarns directly to the fabric’s UV layout, identifying the course and
wale directions and the corresponding stitch types. Then, sub-yarn
details such as ply and fiber geometries are embedded as 1D pro-
files, and can be incorporated using existing techniques [MGZJ20;
MGJZ21]. Section 4.1 details how knitted yarns are expressed para-
metrically as sinusoidal functions and tiled across the surface.

Second, a purely surface-based mapping lacks volumetric depth,
making knitted loops appear flat. To recover a 3D look, our in-
sight is that a surface-based representation can act as a virtual
“shell” above the yarns, capturing volumetric structure without
explicit geometry. We introduce a silhouette-aware parallax map-
ping technique that shifts texture coordinates according to local
view direction, producing coherent silhouettes and volumetric ap-
pearance even at grazing angles. In this formulation, rays inter-
sect only the base mesh, while local intersections are resolved
against a lightweight implicit representation of the micro-geometry.
This yields a fast, intersection-friendly approach that avoids the

costly dynamic realization of fiber models [LZB17] or explicit
ray–curve intersections [MGZJ20]. Unlike displacement mapping,
our method (i) is not restricted to a single-valued heightfield, since
knitted loops exhibit multiple overlapping heights, and (ii) repre-
sents yarns implicitly rather than through explicit displacement.
Section 4.2 provides details on how this technique accounts for the
geometry and silhouette variations introduced by interlooping knit-
ted yarns.

Finally, rendering ultimately resolves shading at the pixel level,
where rays through a single footprint may hit widely varying loop
positions. Instead of leaving this integration entirely to the renderer,
we aggregate geometry and visibility analytically across the texture
footprint, following principles from previous multi-scale appear-
ance models. This stabilizes far-field rendering and adaptively ad-
justs roughness parameters, ensuring both efficiency and accuracy
across scales. In Section 5.1, we extend the near-field appearance
model into a multi-scale formulation that converges with fewer ray
samples per pixel.

4. Modelling the Geometry

As described in Section 3.3, our method begins with ray–mesh in-
tersection on the base fabric surface. Using the matrix representa-
tion of the knit pattern, we implicitly define yarn placement within
the mesh’s UV layout, while micro-geometry details such as plies
and fibers are added using 1D textures, following the work of Mon-
tazeri et al. [MGZJ20].

In Section 4.1, we describe how the 3D yarn geometry is defined
on the surface plane: specifically, how the matrix representation of
a knit pattern is tiled across the mesh UV domain, and how para-
metric functions are used to represent individual stitches.

In Section 4.2, we address the second challenge: performing in-
tersections against the ray in the presence of layered heightfields.
Here we introduce our curvature-aware parallax mapping tech-
nique, which enables consistent local intersections with the implicit
yarn geometry while preserving silhouettes and volumetric appear-
ance.

4.1. Knit Pattern Mapping

Mapping the knit pattern using the UV -values of the fabric mesh
can be broken down into two steps: (i) given the input knit pattern,
define a tiling schematic that allows pattern to be repeated over the
fabric surface (ii) interpreting the yarn type associated with each
cell in the pattern and map the individual stitches to add implicit
yarn geometry without explicit generation of the knit curves.

Defining the Knit Pattern. The consecutive rows of the ma-
trix representation of the knit patterns indicate the type of knit yarn
that is interconnected with each other. Therefore, we can split the
alternating rows of the pattern. Dealing with a single type of knit-
ted curve in each cell simplifies the mapping of the curve function
without worrying about which one of the two curves is looping in-
ward or outward. At the end, the alternating rows can be merged
and since the curves have the correct depth, they stack over one
another seamlessly. Given this insight, we split the pattern matrix
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each other

Interpret the curve
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Figure 2: Illustrative example of our knit pattern mapping ap-
proach. For a given input pattern, we separately map the alternat-
ing rows and then overlap them to form the interconnected loops of
knit fabrics.

into two sub-matrices. Each comprising of the alternating rows and
perform pattern mapping separately for the two halves. Finally, we
overlap them to create the interconnected loops with yarns going
inwards/outwards based on their depth. This idea is illustrated in
Figure 2 for a 4×4 pattern which comprises knits and purls repre-
sented as 0 and 1, respectively.

Interpreting Pattern Cell. Having separated the alternating
rows, we now shift our focus to each cell within the sub-matrix to
map the individual stitches using the UV layout. Building on Khat-
tar et al. [KZYM25] that models yarns for woven fabrics as sine
curves, we parameterize knit stitches using a combination of sine
and cosine curves. In the following section, we consider mapping
of knit stitch on to a UV cell but our approach can be generalized
to other types of stitches as well.

As shown by Crane et al. [Cra23], the common knit or purl stitch
can be represented parametrically as,

Y (t) =


x(t) = t +asin(2t)
y(t) = hcos(t)
z(t) = d cos(2t),

(2)

where t ∈ [−π,π] and a,h,d are user-controlled parameters, a >
0 controls the roundness of the yarns, h > 0 controls the height
and d ̸= 0 controls the yarns bend. The yarn curve can be added
assuming x(t) varies along the U values, y(t) varies along the V
values and z(t) is the depth / height of the parametric curve. Figure
3 visualizes the explicit yarn curves for varying values of a,h,d to
model different geometric characteristics of knitted fabrics.

The mapping of the stitch geometry can be seen as intersecting a

kn
its

1.25,3,−1 1.75,3,−1 1.75,4,−1 1.75,4,−2

pu
rl

s

1.25,3,1 1.5,3,1 1.5,4,1 1.5,4,2

Figure 3: Varying parameters a,h,d for parametric knitted
curves. Using the parametric equation, we can easily adjust the
configuration of the knitted curves over the surface. Increasing a
(as shown along column I and II), makes the yarns more round,
changing h affects the vertical height of each individual yarns and
changing d affects how the yarns loop in and out of the XY plane.

ray, R(s) with origin as (u,v, |d|) and direction along the mesh nor-
mal with Y (t). To avoid explicit generation of the stitch yarn and
creation of a bounding volume hierarchy, we make use of the para-
metric equation of the stitch yarn to solve the ray-curve intersection
analytically in O(1) time. We solve an analytic equation to find the
point on the ray that is closest to the curve Y (t) and for all points
with distance ≤ R (where R is the radius of the knit stitch) we de-
fine the geometry of cylindrical yarns. The parametric equation is
given by,

t,s = argmin
t,s

D(t,s) = ∥Y (t) − R(s)∥

= argmin
t,s

∥(xY (t),yY (t),zY (t)) − (xR(s),yR(s),zR(s))∥
(3)

where (t,s) can be found by determining the roots of the first-order
derivative of D(t,s), which requires O(1) time, given by,

δD′(t,s)
δs

= 0

= (xY (t)− xR(s)) x′Y (s)

+(yY (t)− yR(s)) y′Y (s)

+(zY (t)− zR(s)) z′Y (s)

δD′(t,s)
δt

= 0

= (xY (t)− xR(s)) x′R(s)

+(yY (t)− yR(s)) y′R(s)

+(zY (t)− zR(s)) z′R(s)

(4)

and finally R(s) can be used as the implicit height of the curve.

Substituting the cosines and sinusoids associated with Y (t) will
make Equation 4 hard to solve analytically. Thus, we approximate
them as quadratic functions. In the domain [0, π], the sine curve
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can be represented as,

sin(t) ≈ 4t
π2 (π− t)

4t
π

− 4t2

π
.

(5)

For sin(2t), we split the domain into two parts [0, π

2 ) and [ π

2 , π].
t remains unchanged in the first domain and for the second domain,
we substitute t = t − π

2 and take the negative of the final output, as
shown below,

sin(2t) ≈ 4t
π

− 4t2

π2 0 ≤ t <
π

2
4t2

π2 − 12t
π

+8
π

2
≤ t ≤ pi.

(6)

Similarly, cos(t) = sin( π

2 − t), thus the cosine function can be
expressed as,

cos(t) ≈ 4t2

π2 − 8t
π
+3 0 ≤ t <

π

2

1− 4t2

π2
π

2
≤ t ≤ π.

(7)

Finally, this can be extended to approximate cos(2t) as,

cos(2t) ≈ 16t2

π2 +1 0 ≤ t <
π

4
16t2

π2 − 16t
π

+3
π

4
≤ t <

π

2
16t2

π2 − 16t
π

+3
π

2
≤ t <

3π

4
16t2

π2 − 32t
π

−15
3π

4
≤ t ≤ π

(8)

By substituting the quadratic approximations of Y (t), Equation
4 reduces to the problem of computing the intersection between
a ray and a quadratic curve. Setting δD′(t,s)

δs = 0 allows s to be

expressed in terms of t which can be substituted in δD′(t,s)
δt = 0,

to return a cubic equation in t. The roots of a cubic equation can
be found analytically using Cardano’s Formula [Nic93]. This en-
ables ray–knitted-curve intersections to be computed in O(1) time,
avoiding the need to explicitly generate sample points or construct
a bounding volume hierarchy.

4.2. Curvature-Aware Parallax Mapping (CAPM)

Mapping yarn geometry along the mesh normal creates an overall
flat appearance even though the parametric yarns are not flat. The
curvature of the yarns affects the shape, shadowing and inter-yarn
spacing for knit fabrics which affects the resulting appearance in
close-up and far-view. Additionally, the knitted yarns affect silhou-
ette of the mesh, making it more bumpy, rather than smooth. To
this end, we propose Curvature-Aware Parallax Mapping (CAPM)
to account for the changing shape of the yarns and mesh silhouette.

Traditional parallax mapping [Tat06] aims to determine the in-
tersection point of the incoming ray with the heightfield texture of

ω₁
ω2(i)

(ii)

Figure 4: Failure cases using traditional parallax mapping tech-
niques. (i) For ray sample ω1, parallax mapping accounts only for
the uppermost layer of the heightfield and neglects the underlying
multi-layer structure of the texture. This limitation is particularly
noticeable in knitted fabrics, where inter-looping yarns form two
distinct height layers. (ii) As shown for ω2, on a curved surface, it
is possible for the ray to hit the mesh but never pass through the un-
derlying micro-geometry. Parallax mapping assumes the surface to
be locally flat thus silhouette of the base mesh remains unchanged.

the micro-geometry and use the offset UV position for mapping the
textures relating to the geometry and appearance of the underlying
micro-geometry. However, it has two major drawbacks: (i) parallax
mapping requires a continuous heightfield texture. For a stitch yarn,
this assumption is not true due to overlapping nature of yarns which
creates two separate levels of height but the heightfield texture only
looks at the top level. (ii) parallax mapping assumes that the mesh
is locally flat which is not true for meshes with high curvature.
Due to these assumption the silhouette of the base mesh remains
unchanged. These drawbacks are illustrated in Figure 4. This is of-
ten resolved by either creating heightfield and normal texture map
for each layer separately [PO06], which is increases the storage re-
quirements or using an alternative approach called shell mapping
that creates a prism-like geometry, [PBFJ05; XCL*25] but is more
computationally expensive.

Taking inspiration from the Newtonian parallax mapping ap-
proach proposed by Khattar et al. [KZYM25] for woven fabrics,
we design our approach to work for layered heightfields associated
with knit fabrics. By solving the analytic equation 3, we obtain
the implicit height, s for all UV -values and using that as the off-
set value, we update the UV -map similar to theirs. However, unlike
woven yarns which are simple sinusoids, the stitch yarns require a
more precise estimate of the actual depth, thus after offsetting the
UV -map once, we take small iterative steps along the ray, offset-
ting the UV -map with each step. This resolves the changing shape
of the yarns but does not account change in silhouette.

Chen et al. [CC08] proposed an alternative to shell mapping, that
involves bending the ray following the curvature of the mesh. We
extend this technique to our problem to change the silhouette of the
mesh while tiling the knit pattern. For any given mesh, we first gen-
erate the normal and tangent maps only for the base mesh. Please
note: our model only requires the normal and tangent maps of the
base mesh and the underlying geometry is still texture-free, repre-
sented parametrically, only depending on the input pattern matrix.
At each step of the parallax offset, we first retrieve the mesh nor-
mals and tangents for the offset Pi

UV and transform the ray ωi into
the local space ωlocal defined by the new normals and tangents. If
ωlocal .z is less than zero i.e. the ray is curving away then the hit-
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Figure 6: Normal map comparison over a cylinder surface. We
compare the normals obtained after pattern mapping with and
without CAPM against explicit curve normals as reference ob-
tained by generating the curve along a cylinder surface for knits
and purls . CAPM achieves a close match to the explicit yarn ge-
ometry while taking into account the changing curvature.

the roughness parameters to account for accurate shape and size of
specular highlights.

5.1. Multi-scale Model

Having determined the coverage of a given ray sample in the UV -
space [Ige99], also known as the texture footprint T , we perform
aggregation of the underlying geometry over T by generating im-
plicit rays originating from a point sampled along T on the fly.
However, as shown by Khattar et al. [KZP*24], simple geometric
aggregation can lead to incorrect appearance as the some appear-
ance parameters like roughness need to be updated. To account for
the correct roughness associated with aggregated geometry, we rely
on LEAN Mapping [OB10] to find the change in roughness due to
the geometric aggregation while keeping the "texture" of our yarns
completely implicit. Another key aspect of cloth presented due to
the looping of yarns in and out is that the light can simply pass
through tiny holes in the fabric, also known as delta transmission
[ZJA*23].

Aggregation of Geometry and Visibility. The texture footprint
defines the coverage in the UV -space by estimating ∂u

∂x and ∂v
∂y ,

which are the changes in U-values and V -values for a small off-
set along the screen directions.

Similar to aggregating geometry, we also keep track of the visi-
bility of each sample i.e. whether the sample is lying on a yarn or is
simply passing through. We compute the average of these values to
get a probabilistic visibility, pdelta for a given hit point on the fabric
mesh. This map is used in conjunction with the sampled direction
and sampled weight for the outgoing ray from the near-field model
(Section 3.2). When pdelta → 0, the sampled direction is used and

U

Figure 5: Traditional parallax mapping v/s curvature-aware par-
allax mapping. Parallax mapping assumes the surface to be locally 
planar; as a result, it advances along the ray by offsetting the UV 
coordinates using the object frame defined a t t he i nitial h it point, 
PUV , without considering the curvature of the underlying mesh. In 
contrast, CAPM samples the object normal and tangent maps us-
ing a different object frame at each step, bending the ray to follow 
the mesh curvature while keeping the base surface flat, a nd does 
so without additional computational cost. Refer to Algorithm 1 for 
more details.

point is declared invalid. Otherwise, Pi 
V is offset and as discussed 

above we solve the analytic equation until we find the intersection 
with the parametric knitted yarns. This is further illustrated in Fig-
ure 5.

Figure 6 provides a comparison between normals obtained af-
ter complete pattern mapping with and without parallax correction 
against normal maps of explicit knit yarn generated along the cylin-
der surface. The changing curvature of the yarns alongside the base 
surface, affects the shape of the geometry of the yarns and the inter-
yarn spacing.

More information about the implementation details can be found 
in Section 6.1

5. Modelling the Appearance

After mapping the parametric knit curves, the updated mesh ge-
ometry closely resembles the geometry of the explicitly generated 
curves. Thus, the near-field proposed by Khattar et al. [KZYM25], 
as explained in Section 3.1, can be used to model the appearance of 
the fabric. This near-field appearance model is suitable for close-up 
renderings. However, as the camera moves further back, each ray 
can encompass not only the micro-structures present within a yarn 
but also multiple yarns or multiple blocks of the repeating pattern.
[ZJA*23; ZHB*24] rely on texture-based aggregation techniques 
that present two problems: the need for explicitly generated texture 
maps for the given pattern and repeated querying of the texture to 
reduce the noise.

Our focus in this work is on a texture-free model and to this end, 
we propose a new multi-scale appearance model that leverages our 
pattern mapping approach (Section 4.1) to aggregate the underlying 
yarn, ply and fiber geometry over the ray footprint and then 
updates
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attenuated accordingly and when pdelta → 1, the ray direction is
unchanged to allow it to pass through without attenuation.

Updating the Appearance Parameters. As discussed in LEAN
Mapping [OB10], simply aggregating the geometry / normals over
T , gives the correct position of where the specular highlight should
appear but the shape of it is controlled by the underlying normal
distribution function. Beckmann Distribution is commonly used to
express microfacet normals and is represented as,

1
2π

√
|Σ|

exp
(
−1/2 (h̃n − b̃n)

T
Σ
−1 (h̃n − b̃n)

)
, (9)

where h̃n and b̃n are the half vector and bump normal projected onto
the z = 1 plane. The challenge is to recover the co-variance matrix
defined over T which can be done as follows,

Σ=

[ 1
n Σ(b̃n.x2)− (Σb̃n.x)2 1

n Σ(b̃n.x b̃n.y)−Σb̃n.x Σb̃n.y
1
n Σ(b̃n.x b̃n.y)−Σb̃n.x Σb̃n.y 1

n Σ(b̃n.y2)− (Σb̃n.y)2

]
,

(10)
and for a surface with roughness coefficients ρx =

1
sx

and ρy =
1
sy

,
the co-variance matrix can be expressed as,

Σrough = Σ+

[
1
sx

0
0 1

sy

]
. (11)

6. Implementation Details

Our proposed method is implemented as a custom BSDF plugin in
Mitsuba 3 [JSR*22] and we additionally update the Path Replay
Backpropagation Integrator to account for delta transmission.

6.1. Details on CAPM

Newtonian parallax mapping [KZP*24] takes two steps for wefts
and warps i.e. a total of four steps to offset the UV -map, our pro-
posed parallax mapping solution adds an additional overhead due
to refinement step. However, it is still considerably faster in com-
parison to traditional parallax mapping approaches. Additionally
unlike previous parallax mapping approaches, our approach further
updates for the silhouette of the mesh with little to no effect on
performance.

The individual steps for our approach is summarized in Algo-
rithm 1. In the first step, we offset the UV map by querying the
underlying height of the parametric knit curves, s0. If the ray over-
shoots and ends up below the curves then we trace back towards the
ray-origin in small increments of δs. With each new offset UV po-
sition, we first query the tangent and normal maps of the base mesh
and transform the ray into the local space defined by the queried
vectors. This step bends the ray ensuring that the curvature of the
mesh is taken into account. If at any stage, the ray bends away from
the mesh, then it is allowed to pass-through the mesh otherwise we
continue to offset the UV map until an intersection with the para-
metric curves is found. In case the ray undershoots after step one,
i.e. the offset position is still above the parametric curves then we
continue moving by δs along the ray direction.

In practice, we found that our approach takes at most ten steps to
converge and a detailed analysis and comparison of our approach
can be found in Section 7.2.

Algorithm 1: CAPM: Curvature-Aware Parallax Mapping

/* PUV is the texture co-ordinate of the
intersection point on the base mesh

*/
/* ωi is the incident ray direction */
/* a, h, d, r are the parameters for the

knit curve */
/* δs is the step-size for refinement */
Input: PUV , ωi, a, h, d, r, δs
Output: Phit

UV
/* Big newtonian step with the height at

point PUV */
1 PUV .z = 1 ;
2 ISHITCURVE = false ;
3 b⃗, t⃗, n⃗ = FETCHFRAME( PUV .x, PUV .y ) ;
4 s0 = GETHEIGHT( PUV .x, PUV .y, a, h, d, r ) ;
5 ωlocal = b⃗.ωi + t⃗.ωi + n⃗.ωi ;
6 P0

UV = PUV + s0 ωlocal ;
7 s1 = GETHEIGHT( P0

UV .x, P0
UV .y, a, h, d, r ) ;

8 if s1 ≤ P0
UV .z then

9 δs = −δs ;
10 end
/* Refinement step with δs */

11 while !ISHITCURVE && ωlocal .z ≥ 0 do
12 b⃗, t⃗, n⃗ = FETCHFRAME( Pi

UV .x, Pi
UV .y ) ;

13 ωlocal = b⃗.ωi + t⃗.ωi + n⃗.ωi ;
14 Pi+1

UV = Pi
UV + δs ωlocal ;

15 si+1 = GETHEIGHT( Pi+1
UV .x, Pi+1

UV .y, a, h, d, r ) ;
16 if si+1 ≤ Pi+1

UV .z && δs ≥ 0 then
17 ISHITCURVE = true ;
18 end
19 if si+1 ≥ Pi+1

UV .z && δs ≤ 0 then
20 ISHITCURVE = true ;
21 end
22 end
23 Phit

UV = Pi
UV ;

24 return Phit
UV ;

6.2. Details on the Multi-Scale Model

Our multi-scale model relies on aggregation of the pattern geom-
etry over the texture footprint, T . The coverage over T , defines a
4D space in ( ∂u

∂x , ∂u
∂y ,

∂v
∂x , ∂v

∂y ) and thus we require a fast approach
to generate the samples that will serve as the originating point of
our implicit rays for the aggregation. To this end, we use Sobol se-
quences [Sob90], which are quasi-random sampling patterns that
produce evenly distributed (low-discrepancy) samples. We use the
generated samples to offset the UV values which serve as the new
origin for the implicit rays and perform repeated pattern mapping
to aggregate the normal, and visibility over the texture footprint T .

The visibility map determined is no longer binary thus for sam-
pling the next ray, we take a weighted average, based on pdelta
of the incoming ray direction and the sampled direction from one
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Table 2: Performance statistics for Figure 7 at equal quality (EQ).
We compare the performance of Ours against surface-based model
[ZJA*23] referred as Zhu’23 and yarn-based model [KZP*24] re-
ferred to as Khat’24. Our method on average performs 3-5 times
faster than Khat’24 and 1.4 times faster than Zhu’23.

Render Time (min) Storage (MB)

Scene #Yarn Ours Zhu’23 Khat’24 Ours Zhu’23 Khat’24

Fig. 7.a.i 200 1.1 1.7 5 0.02 4.4 20
Fig. 7.b.i 200 1.1 1.7 5 0.02 4.4 20
Fig. 7.a.ii 200 1.1 1.7 3.2 0.02 4.4 20
Fig. 7.b.ii 200 1.1 1.7 3.2 0.02 4.4 20

pre-fitting Anisotripic Spherical Gaussians (ASG) to determine the
shadowing and masking while ours is pre-computation free, and
ensures soft shadows towards the bottom half of the cylinder.

7.2. Ablation study

Effect of parallax-mapping in close-up and far-view. Our par-
allax mapping changes the shape of the yarns, which affects the
inter-yarn spacing leading and the silhouette of the mesh. In Fig-
ure 9, we render knit curves on a cylinder surface. The parallax
mapping effects the inter-yarn spacing, making some holes close-
up or become more wide and the overall silhouette of the mesh
also changes with a ribbed boundary appearing for the cylinder
as the curves loop in and out of the surface. We further test our
approach on arbitrary meshes in Figure 10. We analyze how it af-
fects the overall appearance of fabrics in both close-up and far-view
for two different fabric meshes. For the tablecloth (row I), parallax
mapping changes the inter-yarn spacing which perturbs the holes
present in the fabric. This effects the delta transmission. For the
scarf (row II), parallax mapping makes the bumps of the parametric
knit curves more prominent in far-view, the overall result is brighter
due to more accurate delta transmission and additional changes to
the silhouette of the mesh.

Support for arbitrary knit patterns. With the matrix repre-
sentation of knit patterns as discussed in Section 3.3, our approach
can be seamlessly extended to support any arbitrary knitted patterns
unlike previous approaches that require explicitly generated height-
field and normal textures. An arbitrary pattern can be designed to
depict more complex structures such as pyramids or logos by com-
bining knits and purls of varying colors. In Figure 11, we show the
renderings of two custom patterns, taken from the dataset provided
by [LWS*18] on a rectangular flat mesh.

Pattern mapping exhibits a flat appearance on a rectangular
mesh. To show the flexibility of our model, we map a 16×16 pyra-
mid and 48× 48 block pattern to two cushions as shown in Figure
12. We further add flyaway fibers, commonly present in knitted fab-
rics to enhance the realism and show that our model is compatible
to pre-existing rendering techniques, commonly used in produc-
tion.

Multi-scale evaluation. In Figure 1 and 13, we show render-

of the four BSDF components. This ensures that when pdelta → 0, 
more importance is given to the chosen BSDF component and when
pdelta → 1 then the ray simply passes through the base mesh sur-
face.

7. Results

In this section, we present the results of our surface-based model 
in different settings. We first c ompare o ur w ork t o p revious state-
of-the-art ray-tracing models and real photographs, we use the 
yarn-based model [KZP*24] as the reference comparison in both 
the macro and micro-scale and compare against the surface-based 
model proposed by Zhu et al. [ZJA*23], referred to as Zhu’23. 
We do not consider Zhu et al. [ZHB*24] in our analysis, as their 
work follows an approach that is perpendicular to ours. We ex-
clude rasterization-based methods [WY17; HSW*25] because as 
their execution model and performance characteristics differ fun-
damentally from ours. In particular, these methods rely on the ras-
terization pipeline rather than ray-based evaluation, making their 
performance profiles and t rade-offs not d irectly comparable t o the 
approach presented in this work. In addition, we analyze the differ-
ent components of our model and show its flexibility i n different 
scenes with varying knitted patterns. All our renderings are gener-
ated on an 8-core Intel i7.

7.1. Comparison with Previous Works

In Figure 7, we demonstrate the ability of our model to achieve a 
close match to the explicitly generated yarns along a half-cylinder 
under both front and back lighting. The yarn geometries are gen-
erated along a cylinder surface for knits and purls for the refer-
ence and Zhu’23 requires additional normals and tangent maps. 
Our model only requires the input pattern representation to closely 
match the reference.

In far-view, our parallax mapping takes into account the inter-
looping nature of knitted yarns that affects the delta transmission 
by completely closing up the holes along the edges of the cylin-
der. Yarn-based reference explicitly requires the yarn curves and 
has to construct a complex bounding volume hierarchy increasing 
the render times in far-view. Our model is 3-5 times faster than the 
yarn-based reference and only requires 0.02MB of memory for the 
1D textures of plies and fibers, s aving 9 9.8% o f m emory. Zhu’23 
requires a small texture patch of normal and tangent maps however, 
since it wraps the texture along the surface normals the delta trans-
mission is inaccurate along the azimuthal width of the cylinder (as 
shown with red and green boxes). In close-up, our method takes 
into account the micro-geometry present within a yarn, preserv-
ing the ply and fiber-level d e tails a n d t h e v olumetric l o ok unlike 
Zhu’24 that produces a flat a p pearance a n d a d ds r a ndom pertur-
bations on the yarns. Additionally, because of the front and back 
lighting, the double-layer approximation makes the yarns darker in 
the region where the two yarns overlap and brighter where they 
don’t, which is once again missing in the Zhu’23.

In Figure 8, we also compare our model with a real photo-
graph against Zhu’23 under a single spot light. Our parallax map-
ping offers a closer match to the changing geometry of knits along 
the azimuthal width of the cylinder. Additionally, Zhu’23 requires
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Figure 7: Comparison with previous yarn-based and surface-based models on a half cylinder at different viewing distances with both
front and back directional lighting. In far-view, our parallax mapping affects the inter-yarn spacing and yarn curvature unlike Zhu’23 which
tiles flat yarns over the cylinder surface. Furthermore, our model adds the ply and fiber details in close-up that are missing for Zhu’23 and
accounts for the loss when light transmits through overlapping regions of the yarns. A quantitative comparison can be found in Table 2

Photograph Ours Zhu’23

Figure 8: Comparison with photograph in far-view under the
same lighting setup as Zhu et al. [ZJA*23]. We compare against
the cotton jersey knit to show that our parallax accounts for the
changing inter-yarn spacing and accurate shadows unlike Zhu’23
that requires a pre-fitted Anisotripic Spherical Gaussians (ASG) for
shadowing and has difficulty on the soft shadows toward the bottom
half.

ings in close-up and far-view to analyze our multi-scale model. In
far-view, we perform comparison in Equal Quality (EQ) and Equal
Time (ET) to show the efficiency offered by our model and also
look at the overhead from pattern aggregation over the pixel patch.
The multi-scale performs 1.5-1.7 faster than the near-field model
to converge because it requires fewer samples per pixel. In close-
up, the multi-scale model converges to the same result as the near-
field however since we do not change number of sampled positions
for implicit pattern aggregation, it does an additional overhead.
In essence, when a fabric is viewed in far-view, our multi-scale
model provides much more efficient performance and in close-up,
the number of sampled positions for implicit pattern aggregation
can be reduced to achieve the same result as the near-field model in
equal time.

w/o parallax w/ CAPM

Figure 9: Effect of parallax mapping on yarn shape and mesh
silhouette

. We visualize a cylinder surface with and without CAPM to show
how much it can affect the inter-yarn spacing and silhouette for

loose purls .

8. Discussions & Conclusion

Faster multi-scale integration: We propose a sampling-based
multi-scale which adds an overhead in close-up in comparison to
near-field model. To address this, future work can focus on multi-
scale approach that can ensure faster aggregation of the appearance
over the texture footprint T to perform better.

Support for all knit stitch types: Leaf et al. [LWS*18] describe
several additional knit stitch types beyond the four presented in Ta-
ble 1, many of which produce more pronounced volumetric effects.
Future work could investigate how these stitches may be repre-
sented as parametric curves, enabling the generation and support
of a broader range of knitted patterns.

Flyaway fibers: As shown in Figure 12, flyaway fibers enhance
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Base mesh Far-view render Far-view render Base mesh Close-up render Close-up render
far-view render w/o CAPM w/ CAPM close-up render w/o CAPM w/ CAPM

Figure 10: Rendering knitted fabrics at different scales with CAPM on/off. We render two different fabric meshes under four area lights to
showcase the efficiency of our silhouette-aware parallax mapping. For the tablecloth (row I), CAPM improves the delta transmission through
the tiny holes. For the scarf (row II), the change in the silhouette and bumps of knits becomes pronounced.

16×16 Pyramid 12×12 Diagonal

Figure 12: Additional results with flyaways. We show two complex
patterns: 16 pyramid and 48× 48 block pattern knitted cushions
with flyaway fibers modeled as explicit curves. The sofa showcases
a classic plain weave pattern. The scene is rendered in environment
lighting with large number of samples per pixel to model individual
flyaways noise-free, which are independent of our approach.

tails and the matrix representation of the knit pattern to account for
the yarn mapping. Taking into account the mesh curvature, our par-
allax mapping technique updates the silhouette of the mesh with no
additional overhead in comparison to previous state of the art par-
allax mapping methods. We validate our model against real pho-
tograph and previous state of the methods commonly used for ren-
dering knitted fabrics to showcase our model abilities to capture the
intricate details of knitted fabrics in both close-up and far-view.

Figure 11: Mapping of arbitrary knit pattern. We visualize the 
parametric cylinders obtained by mapping two pre-existing pat-
terns to show how our model can easily handle complex inter-
looping nature of yarns.

the realism of knitted fabrics with fuzziness and sheen effect. How-
ever these fibers need to be modelled explicitly as curves and devel-
oping a complete surface-based representation that can model the 
individual fibers remains a challenge.

Curvature-Aware Parallax Mapping (CAPM): Similar to tradi-
tional parallax mapping approaches that offset the UV sphere iter-
atively, CAPM alleviates some of the issues such as being texture-
free or requiring less than steps but one interested problem to ex-
plore in the future is to determine if the parallax correction can be 
done in O(1) time similar to the Newtonian method proposed by 
Khattar et al. [KZYM25] for woven fabrics.

Conclusion: This paper proposes a surface-based model for knit-
ted fabrics, that allows efficient a n d d e tailed r e nderings i n  both 
close-up and far-view. Unlike other surface-based model which re-
quire high resolution texture maps of knitted fabrics, our model is 
"texture-free", requiring only 1D textures for ply and fiber-level 
de-

© 2026 The Author(s).
Computer Graphics Forum published by Eurographics and John Wiley & Sons Ltd.



12 of 13 A. Khattar, Aubry, Jean-Marie , L. Yan & Z. Montazeri / A Texture-Free Multi-Scale Model for Surface-Based Rendering of Knitted Fabrics

Near-Field (EQ)Multi-Scale(EQ)

Near-Field (ET)
3 min

1.7 min 1.7 min

0.7 min

1.1 minMulti-Scale

Near-Field

64 SPP 76 SPP

256 SPP

64 SPP

64 SPP

Figure 13: Multi-scale comparison in Equal Quality (EQ) and
Equal Time (ET) under environment lighting. In far-view the
near-field model requires more ray samples per pixel to converge
to a noise-free, unlike ours that performs pattern aggregation over
the pixel, performing 1.5-1.7 times faster. In close-up, the aggrega-
tion adds an overhead but overall offers seamless transition from
close-up to far-view.
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